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Abstract

The epidermis consists of a basal layer of undifferentiated keratinocytes and
multiple

suprabasal

layers

of

differentiated

keratinocytes.

Undifferentiated

keratinocytes are adherent and highly motile, whereas differentiated keratinocytes
are comparatively less motile and downregulate cell attachments to the extracellular
matrix. Integrin-linked kinase (ILK) is a scaffold protein implicated in the regulation of
many cellular functions in keratinocytes, including cell attachment, migration,
phagocytosis, and protein trafficking. To determine the mechanisms by which ILK is
involved in these processes, I sought to identify other proteins which may interact
with ILK in keratinocytes. I identified Engulfment and Cell Motility 2 (ELMO2) to
interact with ILK in undifferentiated and differentiated keratinocytes. Similar to ILK,
ELMO2 is a scaffold protein involved in migration, phagocytosis, and protein
trafficking.
In undifferentiated keratinocytes, I determined that ILK and ELMO2 localize to
lamellipodia in migrating keratinocytes stimulated with the extracellular matrix protein
laminin 332. I determined that ELMO2 recruits ILK to lamellipodia and that they
regulate front-rear polarity as well as directional cell migration. ELMO2 localization
and function is determined, in part, by the small GTPase RhoG; active RhoG can
bind and recruit ELMO2 to the plasma membrane induce the lamellipodia formation.
I identified RhoG in complexes containing ILK and ELMO2. Moreover, I determined
that ELMO2 acts as a bridge between ILK and RhoG and that interaction between
ELMO2 and RhoG is critical for ILK-associated front-rear polarity and cell migration.
Importantly, I determined that ILK-ELMO2 complexes mediate polarization and
directed cell migration upon stimulation of the epidermal growth factor receptor, a
receptor that activates RhoG and is important in epithelial wound healing and cancer
metastasis.
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I determined that ILK and ELMO2 localize to puncta in differentiated
keratinocytes. I identified these puncta to be recycling endosomes but not early or
late endosomes and are positive for β1-integrin and E-cadherin, cell surface proteins
that are regulated during differentiation. My data would suggest ILK and/or ELMO2
may be involved in protein trafficking in differentiated keratinocytes. Taken together,
this would suggest ILK and ELMO2 localize to distinct subcellular compartments in
undifferentiated and differentiated keratinocytes and are involved in multiple cellular
functions.
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Chapter 1

Introduction

2
The Skin
As the largest organ of the human body, the skin plays a critical protective
role against environmental stresses, including mechanical insults, chemicals,
microorganisms, and UV radiation. The skin also helps regulate body
temperature, and functions as a barrier to prevent excessive electrolyte and
water loss (Nemes and Steinert, 1999).The skin is primarily made up of two
layers; the outermost epidermis, which lies above the innermost dermis (Figure
1.1; Fuchs and Raghavan, 2002). The epidermis and dermis are physically
connected through the epidermal-dermal junction, a basement membrane
composed of extracellular matrix (ECM) proteins (Fuchs and Raghavan, 2002).
The skin also contains appendages such as hair follicles, nails, sebaceous
glands and sweat glands (Fuchs and Raghavan, 2002; Kanitakis et al., 2002).

1.1.1 The Epidermis
The epidermis is a continuously self-renewing stratified squamous
epithelium that primarily consists of keratinocytes of ectodermal origin (Fuchs,
2007). Keratinocytes within the epidermis display unique morphological and
biochemical properties, based on their stage of differentiation, which is
associated with their position within the stratified epithelium (Fuchs, 1993).
The lowermost layer of the epidermis (the basal layer) is composed of
undifferentiated basal keratinocytes, which adhere to the basement membrane
(Figure 1.2). Basal keratinocytes are stem cells or transit amplifying cells (Watt,
1998; Kaur et al., 2000). Keratinocyte stem cells are essential to maintain and
regenerate the epidermis, as they have a high capacity for self renewal (Fuchs,
2007). Through cell division, keratinocyte stem cells can also generate transitamplifying daughter cells (Watt, 1998; Lechler and Fuchs, 2005; Fuchs, 2007).
Transit amplifying cells have a limited capacity to divide, and are destined to
enter a terminal differentiation program (Watt, 1998; Lechler and Fuchs, 2005).
This differentiation program includes cell repositioning into the suprabasal layers
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Figure 1.1. Architecture of the skin. The skin consists primarily of two layers:
the outermost epidermis and the dermis. The epidermis is separated from the
dermis by the basement membrane. Finger-like projections extend from both the
epidermis and the dermis into each other; extensions originating from the
epidermis are known as retes ridges whereas extensions originating from the
dermis are known as dermal papillae. The skin also contains appendages such
as hair follicles, sebaceous glands, sweat glands and nails (not shown).
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Figure 1.2. Architecture of the epidermis. The epidermis consists of multiple
layers of keratinocytes in different stages of differentiation. A single layer of
undifferentiated basal keratinocytes adhere to the basement membrane, which
separates the epidermis from the dermis. Above the basal layer, there are 2-3
layers each of spinous and granular cells. These cells have lost their contact
with the basement membrane and are in the process of differentiation but have
not reached terminal differentiationThe uppermost layer of the epidermis is the
cornified layer.

This layer consists of 10-15 layers of terminally differentiated

keratinocytes known as corneocytes, which are continually shed.
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and entry into quiescence, generating post mitotic differentiated keratinocytes
(Watt et al., 1998).
Immediately above the basal keratinocytes are 2-3 cell layers termed
spinous, followed by granular layers which have further progressed through
terminal differentiation relative to spinous cells (Mack et al., 2005). The
uppermost stratum of the epidermis (the cornified layer) consists of 10-15 layers
of cornified keratinocytes (corneocytes) which have undergone the full program
of terminal differentiation (Mack et al., 2005).
Corneocytes are surrounded by a lipid-rich matrix, and develop strong
keratin networks that help tether cells together to form the water-impermeable
barrier of the skin (Eckert and Rorke, 1989; Candi et al., 2005). Continuous
sloughing of the uppermost corneocytes occurs as a mechanism of defence
against chemicals and microbes that may accumulate on the surface of the skin.
These shed cells are constantly replaced due to the proliferative capacity of stem
cells.
Other cells found in the epidermis include Langerhans cells, melanocytes
and Merkel cells, all of which have specialized functions (Hoath and Leahy,
2003). Melanocytes and Merkel cells are found in the basal layer (Costin and
Hearing, 2007; Lucarz et al., 2007). Melanocytes synthesize melanin, a pigment
that absorbs UV radiation and protects the body from photodamage (Costin and
Hearing, 2007). Merkel cells are mechanoreceptor cells that provide sensory
functions (Lucarz et al., 2007). Langerhans cells are dendritic cells found in the
suprabasal layers of the epidermis and function as antigen-presenting cells
involved in immune responses (Merad et al., 2008).

1.1.2 Epidermal Appendages
Epidermal appendages derive from the epidermis, and fulfill specialized
functions. They include hair follicles, nails, sebaceous glands and sweat glands
(Fuchs and Raghavan, 2002; Kanitakis et al., 2002).
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Hair follicles are found throughout the skin, and are important for
temperature regulation and mechanosensation (Figure 1.1). Hair follicles are
derived from epidermal precursor cells, neural crest cells and mesenchymal cells
nested deep in the dermis (Hardy, 1992). During development, proliferation of
epidermal precursor cells results in the formation of a hair placode (Stenn and
Paus, 2001; Fuchs et al., 2007). Signalling between the hair placode and the
underlying dermal fibroblasts leads to increased proliferation of epidermal
placode cells, which invaginate forming a hair shaft in the underlying dermis
(Stenn et al., 2001; Fuchs, 2007). Throughout adulthood, hair follicles cycle
through stages of growth (anagen), rest (telogen) and regression (catagen;
Alonso and Fuchs, 2006; Fuchs, 2007). Epidermal stem cells maintained within
the bulge region of the hair follicle contribute to the hair follicle cycling (Figure
1.1; Taylor et al., 2000; Oshima et al., 2001). These epidermal stem cells also
contribute to epidermal renewal and wound healing (Ito et al., 2005; Fuchs,
2007). Nails are similar to hair follicles in that they are derived from terminally
differentiated, highly keratinized cells derived from epidermal stem cells at the
extremity of phalanges (Kanitakis, 2002).
Attached to the hair follicles are sebaceous glands, which secret a mixture
of lipids known as sebum, and contribute to the barrier properties of the
epidermis (Figure 1.1; Kanitakis, 2002). Sebaceous glands are derived from
epidermal stem cells found in the bulge region of hair follicles. Signalling between
dermal cells of the dermal papillae and epidermal cells of the hair placode during
the formation of the bulge region initiates differentiation of certain epidermal stem
cells into sebocytes, which then form the sebaceous gland (Rosenfield and
Deplewski, 1995).
There are two types of sweat glands found throughout the skin; the
apocrine sweat glands, which produce pheromones, and the eccrine sweat
glands, which are involved in regulating body temperature by controlling the
release of sweat (Figure 1.1; Saga, 2002). Sweat glands are also derived from
epidermal precursor cells during development (Saga, 2002).
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1.1.3 The Dermis
Underneath the basement membrane lies the dermis which forms the bulk
of the skin (Figure 1.1; Fuchs et al., 2007). The dermis can be divided into the
upper papillary layer and the lower reticular layer. The papillary layer contains
dermal papillae, finger-link invaginations that extend into the epidermis; similar
invaginations originating from the epidermis extending into the dermal papillae
are presented and are termed retes ridges (Figure 1.1; Sorrell and Caplan,
2004). They serve to expose capillaries and mechanoreceptors to the epidermis
and increase the surface area for gaseous and nutrient exchange between the
vascularised dermis and the avascular epidermis (Sorrell and Caplan, 2004).
The reticular layer contains collagenous fibre bundles (Sorrell and Caplan, 2004).
The main cell type of the dermis is the fibroblast, of mesenchymal origin (Sorrell
and Caplan, 2004; Fuchs et al., 2007). Dermal fibroblasts secrete fibrous ECM
proteins, which together form connective tissue to provide structure and elasticity
to the skin (Ebling et al., 1992; Tobin, 2006). These ECM proteins include
collagens I, III and V, elastin, fibrilins, laminins, proteoglycans and proteases
(Tobin, 2006).
In addition to the fibroblasts, the dermis also contains specialized cells
including lymphocytes, macrophages, mast cells and plasma cells, involved in
immune responses, as well as smooth muscle cells involved in controlling hair
follicle erection.

1.1.4 The Dermal-Epidermal Junction
The dermal-epidermal junction consists of a basement membrane, which
serves as a link between the dermis and the epidermis (Figure 1.1; Breitkrutz et
al., 2009). Both fibroblasts and epidermal cells contribute to the formation of the
basement membrane, by secreting ECM proteins (Breitkreutz et al., 2009). The
basement membrane functions as a structural platform for cell attachment and
migration through connections that form between transmembrane proteins of the
cell and ECM proteins (Watt, 2002). ECM proteins alone or cooperating with
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sequestered chemokines and growth factors embedded in the basement
membrane can also act as signaling molecules to regulate cell behaviour (Iozzo
et al., 2005).
The major ECM proteins of the basement membrane are collagens, and
laminins, which are predominantly linked by non-covalent bonds and form a
composite of macromolecular sheets (Timpl and Brown, 1996). In addition, the
basement membrane contains glycoproteins such as fibronectin, vitronectin and
proteoglycans (Timpl and Brown, 1996).
The ECM protein composition in the basement membrane is dynamic and
modulated by the secretion of extracellular matrix proteins and proteases that
contribute to matrix remodelling (Breitkreutz et al., 2009). Different ECM proteins
can also regulate epidermal cell biology in distinct ways (Breitkreutz et al., 2009).
For example, a provisional matrix containing abundant fibronectin and laminin is
produced during wound repair to facilitate cell migration and re-epithelialisation
(Margadant et al., 2010). Alternatively, overproduction of laminin can facilitate
tumor invasion of epidermal carcinomas (Marinkovich et al., 2007; Margadant et
al., 2010).

1.1.5 Cultured Keratinocytes as Models to Study the Epidermis
Primary keratinocytes isolated from human or mouse epidermis provide an
abundant source of cells and a useful model to study the cellular mechanisms
involved in epidermal cell function including migration and differentiation. In the
presence of low extracellular Ca2+ concentrations (0.05 mM), the majority of cells
sustained in culture from epidermal isolates are basal keratinocytes, and similar
to the epidermis these cells are undifferentiated and proliferative (Hennings et al.,
1980).
Undifferentiated cultured keratinocytes are highly motile cells that can
migrate between 0.7 to 1 µm per minute, depending on the culture conditions
(Margadant et al., 2008; Frank et al., 2004). Stimulation by addition of chemical
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agents into cell cultures, by replating cells onto extracellular matrix or by creating
a scrape in a confluent monolayer of cells can induce keratinocyte migration
(O`Toole et al., 2001; Kirfel and Herzog, 2004). Thus these cells are an excellent
model to study the processes of cell migration.
Ionic calcium is an important element for epidermal morphogenesis and
renewal, as it regulates the proliferation and differentiation of keratinocytes which
behave in a similar manner to their in vivo counterparts (Hennings et al., 1980).
In vivo analysis of Ca2+ concentrations in the epidermis shows presence of a
concentration gradient, with lower levels in the basal layer where undifferentiated
keratinocytes reside. Higher levels of Ca2+ occur at the granular layer where
terminally differentiated keratinocytes are found (Menon et al., 1985).
Keratinocytes cultured in low Ca2+ medium containing 0.02-0.09 mM Ca2+
behave like basal keratinocytes; they remain proliferative, and undifferentiated
(Hennings et al., 1980; Hennings et al., 1983a; Vasioukhin et al., 2000). When
the extracellular Ca2+ concentration is raised to ≥ 0.1 mM, keratinocytes exit the
cell cycle and undergo differentiation (Hennings et al., 1980; Vasioukhin et al.,
2000). Thus these cells are a good system to study the process of differentiation.

1.2

Keratinocyte Interactions with the Extracellular Matrix
An important property of basal keratinocytes is their ability to attach to the

underlying basement membrane and interaction with ECM proteins. Adhesion to
the basement membrane is mediated, in part, through integrin-containing
multiprotein complexes, which interact with ECM proteins, including collagens,
laminins, fibronectin and vitronectin (Hynes, 2002; Berman, 2003). Keratinocyte
attachment to the basement membrane is important for epidermal integrity, as
evidenced by the extensive blistering of the skin which occurs when
keratinocytes have lost their ability to attach to the basement membrane (Watt,
2002). Integrins also regulate proliferation and differentiation of keratinocytes
(Watt, 2002). For instance, human keratinocytes cultured in suspension withdraw
from the cell cycle and undergo terminal differentiation (Green et al., 1977; Watt
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et al., 1988). These cells ultimately go through anoikis, a form of programmed
cell death due to lack of cell-cell and/or cell-ECM contacts (Vachon et al., 2011).
However, anoikis can be prevented by addition of ECM proteins to keratinocyte
suspension cultures (Adams and Watt, 1989; Watt et al., 1993; Levy et al, 2000).
Thus integrins play a critical role in epidermal integrity and keratinocyte biology.

1.2.1 Integrins
Integrins are heterodimeric transmembrane proteins consisting of an α
and a β subunit. Both subunits contain an extracellular domain, and the α subunit
mediates interactions with ECM substrates (Giancotti and Ruoslahti, 1999).
Integrins also contain an intracellular domain that lacks intrinsic enzymatic
activity, but acts as a docking site for other proteins (Hynes, 2002). Upon
interaction with ECM components, integrins undergo conformational changes,
which expose protein binding sites within their intracellular domain, allowing for
signaling to be transmitted from the extracellular milieu to the interior of the cell
(Hynes, 2002).
Integrin-binding proteins bridge the cytoskeleton and the ECM, and act as
signaling platforms to regulate cell survival, proliferation and cell cycle
progression (Hynes, 2002). Upon initial interaction, the sites between the ECM
and integrins are known as focal contacts (Laukaitis et al., 2001). Overtime,
integrin-binding proteins and clustering of integrins form larger complexes at sites
of ECM-integrin interactions known as focal adhesions. The latter enhance
integrin-associated signaling as well as strengthen cell attachment to the ECM
(Laukatis et al., 2001; Ginsberg et al., 2005).

Stimuli mediated by ECM

components into the cell via integrins are known as outside-in-signaling (Qin et
al., 2004; Harburger and Calderwood, 2009). The opposite, inside-out-signaling,
occurs when cytoplasmic proteins interact with the intracellular domain of
integrins and cause conformational changes to expose the extracellular domain
of integrins to ECM components. This can in turn elicits outside-in signaling (Qin
et al., 2004; Harburger and Calderwood, 2009).
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1.2.2 Integrins in the Epidermis
To date, 18 α and 8 β subunits have been identified in mammals and 24
α/β heterodimers have been shown to exist (Berman et al., 2003). Basal
keratinocytes in resting epidermis express mainly α2β1, α3β1, and α6β4
integrins; αvβ5 is also expressed at lower levels (Peltonen et al., 1989; Adams
and Watt, 1991; Palmer et al., 1993; Watt and Hertle, 1994; Yokosaki et al.,
1994). During epidermal repair, keratinocytes at the wound margin express
integrins that allow them to interact with proteins of the provisional matrix,
including α5β1, αvβ5, and αvβ6. These cells also express integrins found in
resting epidermis (Larjava et al., 1993; Zambruno et al., 1995; Clark, 1990;
Yamada et al., 1996; Plow et al., 2000; Watt et al., 2002). Cultured primary
keratinocytes express integrins found in both resting and wounded epidermis,
including α2β1, α3β1, α6β4, α5β1, and αvβ6 integrins (Watt et al,. 2002). The
combination of α/β subunits confers to integrins specificity of interaction with
ECM proteins (Table 1.1; Watt et al., 2002). However, each integrin may interact
with multiple ECM proteins with different affinities and avidity, and may elicit
different signaling cascades (Berman, 2003).
The α3β1 and α6β4 integrins interact with laminin 332, but form different
cell-ECM adhesion complexes: whereas α3β1 integrins form focal contacts
interspersed among hemidesmosomes as well as an O-ring around the periphery
of adherent basal surface, α6β4 integrins form hemidesmosomes (Jensen et al.,
1999; Wilhelmsen et al., 2006). Both structures are necessary for epidermal
integrity, as epidermal inactivation of the genes encoding α3, α6, β1, or β4
integrins results in epidermal blistering at the epidermal-dermal junction (DiPersio
et al., 1997; Brakebusch et al., 2000; DiPersio et al., 2000; Raghavan et al.,
2000). Another important integrin in resting epidermis is α2β1, which interacts
with collagens. Although α2β1 integrin is more abundantly expressed in the
epidermis than α3β1 and α6β4, loss of α2β1 integrin in the mouse epidermis
does not lead to defects in epidermal integrity or wound healing (Chen et al.,
2002; Holtkotter et al., 2002; Grenache et al., 2007; Zweers et al., 2007).

Reference: Watt, 2002

Integrin Heterdimer
α2β1
α3β1
α6β4
αvβ5
α5β1
αvβ6
α9β1
αvβ8

Major ECM Ligand(s)
Collagen
Laminin
Laminin
Vitronectin
Fibronectin
Fibronectin; tenascin
Tenascin
Vitronectin

Expression
Constitutive; basal
Constitutive; basal
Constitutive; basal
Weak; basal
Upregulated in culture and during wounding; basal
Upregulated in culture and during wounding; basal
Upregulated during wounding; basal
Suprabasal keratinocytes

Table 1.1 Integrins expressed in epidermal keratinocytes
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However, other studies with human keratinocytes in organotypic cultures have
shown that α2β1 integrin is essential for wound repair (Pilcher et al., 1997;
Dumin et al., 2001). It has been suggested that this discrepancy may be due to
differences in expression of proteins associated with α2β1 integrin function
(Parks, 2007).
With the exception of αvβ8 integrin which is found in the suprabasal layers
of the epidermis, integrin expression decreases as keratinocytes differentiate.
This promotes cell detachment from the basement membrane movement to the
suprabasal layers (Watt, 2002). Down regulation of integrins in suprabasal
keratinocytes is critical for proper epidermal homeostasis, as integrin expression
in

suprabasal keratinocytes

is

associated

with

psoriasis-like

disorders,

characterized by hyperproliferation and perturbed differentiation (Carroll et al.,
1995).

1.2.3 Integrin Cytoplasmic Binding Proteins
A subset of integrin-binding proteins are involved in signal transduction
upon ECM stimulation. Over 150 proteins have been found in integrin complexes
(Liu et al., 2000; Martin et al., 2002; Zaidel-Bar et al., 2007). Well characterized
proteins that interact directly with the β integrin cytoplasmic tail include focal
adhesion kinase (FAK), paxillin, and integrin-linked kinase (ILK).
Integrin ligation leads to the recruitment of FAK and paxillin to focal
adhesions (Burridge et al., 1992; Ridley and Hall, 1994a). Both FAK and paxillin
are involved in recruiting adaptor proteins to focal adhesions as well as integrinassociated signaling (Burridge et al., 1992; Ridley and Hall, 1994a). FAK is a
non-receptor tyrosine kinase (Burridge et al., 1992). Inactivation of Fak leads to
embryonic lethality due to defects in cell migration as well as increased apoptosis
(Ilic et al., 1995; Ilic et al., 1997).

Interestingly, FAK deficiency leads to an

increase in the size of focal adhesions, suggesting FAK plays a role in adhesion
turnover (Ilic et al., 1995). FAK deficiency in the epidermis leads to irregular hair
cycling as well as defective sebaceous gland development and a thinner
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epidermis and perturbed barrier function (Essayem et al., 2006; Ilic et al., 2007).
In addition, FAK deficiency reduces the ability of keratinocytes suppresses tumor
formation and blocks malignant progression as keratinocytes deficient in FAK
show an increase in apoptosis (McLean et al., 2004). FAK is activated and
autophosphorylated when recruited to focal adhesions (Burridge et al., 1992;
Schlaepfer and Hunter, 1998). Phosphorylated FAK associates with, and
activates signaling proteins including Src kinases, PI3K, and phospholipase C-γ,
which are involved in cell proliferation, survival, spreading and migration
(Parsons, 2003).
FAK can also associate with, and phosphorylate paxillin at focal adhesions
(Bellis et al., 1995; Schaller et al., 1995; Chen et al., 2000). Paxillin is an adaptor
protein critical for embryonic development (Hagel et al., 2002). Inactivation of
Paxillin is associated with reduced focal adhesion numbers and size and reduced
cell migration (Hagel et al., 2002). Moreover, paxillin deficiency perturbed the
localization of FAK to focal adhesions and reduced FAK phosphorylation
associated with integrin ligation (Hagel et al., 2002). Phosphorylated paxillin
interacts with other proteins involved in regulating the actin cytoskeleton,
including Crk and PAK-interacting exchange factor (PIX) proteins (Turner et al.,
1999; Petit et al., 2000). Both Crk and PIX proteins regulate focal adhesion
dynamics through the activation of the small GTPase Rac1 (Lamorte et al.,
2003).
Integrin-linked kinase is another adaptor protein involved in mediating
integrin-associated functions including anchorage-dependent survival and
bridging a link between integrins and the cytoskeleton (Delcommenne et al.,
1998; Persad et al., 2000; Zervas et al., 2002; Wickstrom et al., 2010a). ILK is
the subject of this thesis and will be discussed in more detail in the following
section (Section 1.3).
1.3

Integrin-linked Kinase
Integrin-linked kinase is a ubiquitous protein with 452 amino acids,

composed of five N-terminal ankyrin (ANK) repeats, a central pleckstrin
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homology (PH) domain and a C-terminal “pseudokinase” domain with substantial
homology to serine/threonine kinases (Figure 1.3; Hannigan et al., 1996). ILK
was identified as a β1 integrin-binding protein using the cytoplasmic domain of β1
integrin as bait in a yeast-two hybrid screen (Table 1.2; Hannigan et al., 1996).
Subsequently, ILK was also shown to interact with β3 integrin in platelets during
platelet aggregation (Table 1.2; Pasquet et al., 2002).
Integrin-linked kinase is necessary for embryonic development, as
evidenced by the inability of Ilk-null mouse embryos to implant, due to defects in
epiblast polarization (Sakai et al., 2003). This polarization defect was attributed to
defective organization of F-actin at integrin attachment sites (Sakai et al., 2003).
ILK also plays important roles in the development and function of the epidermis,
bone and cartilage, cardiovascular, central nervous system, haematopeoitic
system, hair follicle, heart, intestine, kidney, liver, mammary gland, and skeletal
muscle (Terpstra et al., 2003; Friedrich et al., 2004; Liu et al., 2005; El-Aouni et
al., 2006; Mills et al., 2006; White et al., 2006; Lorenz et al., 2007; Gkretsi et al.,
2008; Nakrieko et al., 2008a; Akhtar et al., 2009; Kogata et al., 2009; Nakrieko
et al., 2011; Salh et al., 2011).
Although early studies provided evidence that ILK possesses kinase
activity, further investigations, including X-ray crystallographic studies on the Cterminal pseudokinase domain of ILK, have provided evidence that it does not
exhibit kinase activity (Hannigan et al., 1996; Fukuda et al., 2009; Fukuda et al.,
2011). ILK immunocomplexes have been shown to phosphorylate several
proteins, including Akt, the β1 integrin cytoplasmic tail, glycogen synthase
kinase-3β (GSK-3β), LC20, and myosin phosphatase (Delcommenne et al., 1998;
Persad et al., 2000; Deng et al., 2001; Persad et al., 2001; Kiss et al., 2002;
Muranyi et al., 2002; Legate et al., 2006; McDonald et al., 2008; Maydan et al.,
2010). However, whether ILK has direct kinase activity remains an issue of
debate in the field. Specifically, although ILK can bind ATP, it lacks essential
critical residues, conserved in mammalian serine/threonine kinases, which are
critical for ATP hydrolysis (Fukuda et al., 2009; Fukuda et al., 2011; Wickstrom et
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Figure 1.3. Integrin-linked kinase scaffolds multiple proteins that modulate
actin re-organization. ILK (in red) interacts with the cytoplasmic tail of β1- and
β3-integrins at focal adhesions.

Here, ILK can also interact with other focal

adhesion proteins such as PINCH and Parvin to form an ILK-PINCH-Parvin (IPP)
complex.

Parvin can interact with multiple proteins that regulate the actin

cytoskeleton, incuding α-actinin, which directly interacts with filamentous actin,
as well as α- and β-PIX (PIX), which activate Rac1 to modulate actin
reorganization.

The interaction between ILK and PINCH may play a role in

bridging integrins with growth factor receptors. PINCH, interacts with the adaptor
protein Nck2, which binds to the cytoplasmic domain of activated receptors.
Nck2 interacts with multiple proteins that regulate the actin cytoskeleton. These
include the WASp/Scar family of proteins, which modulate Arp2/3 nucleation of
branched actin, as well as Dock1/ELMO complexes, which activate Rac1.
Finally, ILK can also interact with Paxillin, which can directly interact with the
cytoplasmic domain of β-integrins as well as Parvins and thus potentially
facilitates IPP complex interaction with integrins.
through 5, PH: Pleckstrin homology domain.
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PIX

Protein
Akt1
α-parvin
β1 integrin
β3 integrin
β-parvin
CNKSR3 gene chromatin
c-Src
Ephrin A1
γ-parvin
ILKAP
IQGAP1
kAE1
Kindlin-2
Paxillin
PINCH1
PINCH2
Rictor
RUVBL1
SPARC
T-Cadherin
Thymosin-β4
Cell Function
Survival
Spreading, migration
Attachment, cell survival
Attachment
Spreading, migration
Gene transcription
Morphology
Morphology, migration
Spreading, migration
Survival; ILK nuclear export
Microtubule dynamics, caveolae targeting
Link to actin cytoskeleton
Recruitment to focal adhesion
Recruitment to focal adhesion, migration
Spreading, migration
Spreading, migration
Survival, migration
Spindle assembly
Survival, ECM remodelling
Survival
Survival, cell shape

Reference(s)
Persad et al., 2001
Nikolopoulos et al., 2000
Hannigan et al., 1996
Pasquet et al., 2002
Tu et al., 2001
Acconcia et al., 2007
Kim et al., 2008
Yamazaki et al., 2009
Yamaji et al., 2001
Leung-Hagesteijn e tal., 2001; Nakrieko et al., 2008
Wickstrom et al., 2010
Keskanokwong et al., 2007
Mackinnon et al., 2002; Montanze et al., 2008
Nikolopoulos et al., 2001; Nikolopoulos et al., 2002
Chiswell et a., 2008
Tu et al., 1999; Tu et al., 2001
McDonald et al., 2008
Fielding et al., 2008
Barker et al., 2005
Joshi et al., 2007
Bock-Marquette et al., 2004

Table 1.2 Principal ILK-interacting proteins
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al., 2010a). Moreover, the ATP binding pocket is also a site for ILK binding to the
parvin adaptor proteins (see Section 1.3.1) and ATP cannot effectively compete
with parvins to interact with ILK (Fukuda et al., 2009; Fukuda et al., 2011).
Other studies using in vitro assays to determine whether ILK has intrinsic
kinase activity have provided conflicting results. Whereas bacterially produced
ILK was originally described to phosphorylate myelin basic protein, more recent
studies using bacterially produced ILK or commercial recombinant ILK failed to
phosphorylate this substrate (Hannigan et al., 1996; Fukuda et al., 2009;
Wickstrom et al., 2010a; Dagnino et al., 2011). Significantly, those domains in
ILK that would presumably be required for kinase activity have proven
dispensable

for

development

in

mice,

Drosophila

melanogaster

(D.

Melanogaster), and Caenorhabditis elegans (C. elegans; Zervas et al., 2001;
Mackinnon et al., 2002; Lange et al., 2009). Given the biochemical and in vivo
data supporting the lack of intrinsic kinase activity, the C-terminal domain of ILK
has been termed a “pseudokinase” domain (Wickstrom et al., 2010a; Dagnino et
al., 2011; Qin and Wu, 2012). It is more likely that ILK acts as a scaffold protein,
interacting with other kinases that may be responsible for phosphorylation of
downstream targets (Wickstrom et al., 2010a; Dagnino et al., 2011; Hannigan et
al., 2011; Qin and Wu, 2012).
Efforts to investigate the molecular mechanisms underlying ILK function
have focused on interactions between ILK and adaptor and signaling proteins.
These studies have led to the general consensus that ILK acts as a scaffold
capable of interacting with a multitude of proteins involved in regulating and
linking the actin cytoskeleton and the microtubule network to focal adhesions
(Table 1.2; Nikolopoulos and Turner, 2000; Tu et al., 2001a; Wu et al., 2001;
Wickstrom et al., 2010a). ILK has also been associated with cellular functions
independent of cell-ECM attachment, including formation of cell-cell adhesions,
regulation of gene transcription and spindle assembly (Vespa et al., 2003; Vespa
et al., 2005; Nakrieko et al., 2008b; Dobreva et al., 2008; Fielding et al., 2008a;
Fielding et al., 2008b).
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1.3.1 Role of ILK in Actin Organization and Focal Adhesions
Integrin-linked kinase can interact with β1 and β3 integrins and colocalize
with FAK at focal adhesions (Li et al., 1999; Nikolopoulos and Turner, 2001;
Boulter et al., 2006a). The ANK repeats of ILK are structural motifs that mediate
protein-protein interactions (Hannigan et al., 1996; Mosavi et al., 2002). The Nterminal ANK repeat region as well as the C-terminal pseudokinase domain of
ILK participate in protein-protein interactions important for localization to focal
adhesions (Li et al., 1999; Nikolopoulos and Turner, 2001; Boulter et al., 2006a).
Deletion of the ANK repeats perturbs ILK, but not FAK, recruitment to focal
adhesions, suggesting that ILK maybe recruited after FAK (Li et al., 1999).
Similarly, ILK mutants containing deletions within the C-terminal pseudokinase
domain show impaired localization to focal adhesions (Nikopoulos and Turner,
2001; Zhang et al., 2002a). The first ANK repeat is critical for ILK binding to the
Particularly Interesting Cys-His rich (PINCH) family of proteins (Figure 1.3; Tu et
al., 1999; Zhang et al., 2002a; Zhang et al., 2002b; Fukuda et al., 2003a; Velyvis
et al., 2003). PINCH proteins are also scaffolds that contain five LIM domains
involved in protein-protein interactions (Dawid et al., 1998). PINCH1 and 2 (also
known as LIMS 1 and 2, respectively) interact with ILK through their first LIM
domain, in a mutually exclusive manner. The interaction between ILK and
PINCH1 is necessary for targeting ILK to focal adhesions and cell migration (Li et
al., 1999; Tu et al., 1999; Zhang et al., 2002a). Similar to ILK, PINCH1 is critical
for embryonic development as inactivation of Lims1 in mouse embryos leads to
embryonic death (Liang et al., 2005). Inactivation of Lims2, however, has no
overt effect on mice (Stanchi et al., 2005). Evidence to suggest that PINCH2 is
not essential for ILK associated function, but instead fulfills a regulatory role,
comes from the observation that overexpression of PINCH2 decreases ILK
complex formation with PINCH1, and leads to a reduction of cell spreading and
migration (Zhang et al., 2002b). Thus PINCH2 appears to negatively regulate
ILK/PINCH1 complex formation and function (Zhang et al., 2002b; Fukuda et al.,
2003a).
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ILK interactions with PINCH1 occur before localization of these proteins
to focal adhesions, and this interaction is also important in the turnover of both
proteins, as it prevents their degradation (Zhang et al., 2002a; Zhang et al.,
2002b; Zhang et al., 2002c; Fukuda et al., 2003a). Interference with the
interaction between ILK and PINCH1 inhibits cell spreading and migration,
suggesting that ILK/PINCH complexes are important for proper focal adhesion
formation to facilitate these processes (Zhang et al., 2002a; Zhang et al., 2002b;
Zhang et al., 2002c; Fukuda et al., 2003a).
Underlying the role of ILK/PINCH1 complexes in regulating spreading and
migration is the ability of PINCH1 to interact with Nck2 (also known as Grb4) to
form of ILK/PINCH/Nck2 complexes (Figure 1.3; Tu et al., 1999). Nck2 is
another adaptor protein that binds actin-regulating proteins, including members
of the Wiskott-Aldrich Syndrome protein/suppressor of cAR (WASp/Scar) family,
and the actin nucleating protein Arp2/3 (Buday et al., 2002). Nck2 can also
interact with dedicator of cytokinesis 1 (Dock1, also known as Dock180), which is
involved in activating Rac1 to regulate actin organization and cell migration (see
Section 1.4.1; Tu et al., 2001a). Additionally, Nck2 can interact with growth
factor receptors, including the epidermal growth factor (EGF), insulin receptor
substrate-1 (IRS-1), and platelet derived growth factor (PDGF) receptors (see
Section 1.5.2; Wu et al., 1999). Nck proteins are important for focal adhesion
formation, cell attachment, and cell migration (Ruusala et al., 2008). ILK may
couple integrin complexes with growth factors through PINCH1/Nck2 to modulate
cell migration.
An additional family of focal adhesion proteins that interacts with ILK are
the parvins, which include α-, β-, and γ-parvin (Figure 1.3; Tu et al., 2001a;
Yamaji et al., 2001; Chiswell et al., 2008). α- and β-parvin are ubiquitious and the
former is critical for embryonic development. Unlike Ilk or Lims1 inactivation, αpv-null embryos die after implantation due to defects in cardiovascular function
(Montanez et al., 2009). These defects have been attributed to a disorganized Factin cytoskeleton, which leads to perturbed polarization and loss of directional
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migration. The discrepancy in phenotypes between Ilk and α-pv deficient mice
may be due to other parvins compensating for inactivation of the α-pv gene.
However, a report of β-parvin deficiency has yet to be made. Moreover, γ-parvin
expression is restricted to lymphoid and the hematopoietic tissue, and
interestingly, inactivation of γ-pv had no effect on hematopoietic cell functions
(Korenbaum et al., 2001; Sepulveda and Wu, 2006).
α- and β-parvin compete with each other for interaction with the C-terminal
pseudokinase domain of ILK (Tu et al., 2001a; Yamaji et al., 2001; Chriswell et
al., 2008; Fukuda et al., 2009). Parvins contain two calponin-homology (CH)
domains and the second CH domain interacts with ILK. Interactions between ILK
and parvins generate a physical link between integrins and the actin cytoskeleton
(Legate et al., 2006). For instance, α-parvin associates with F-actin directly, or
indirectly by binding to paxillin (see Section 1.2.3; Nikolopoulos and Turner,
2000; Olski et al., 2001). β-parvin interacts with paxillin and with the F-actin
binding protein α-actinin (Yamaji et al., 2004). Whether β-parvin interacts with Factin directly still remains to be investigated. β-parvin also regulates actin
organization through other proteins that it binds, such as α- and β-PIX, which are
guanine nucleotide exchange factors that activate Rac1 (Rosenberger et al.,
2003; Mishima et al., 2004; Filipenko et al., 2005; Matsuda et al., 2008).
Importantly, disruption of the interaction between ILK and parvins prevents ILK
localization to nascent focal adhesions at cell edges and interferes with actin
organization, cell spreading and migration (Tu et al., 2001a; Yamaji et al., 2001).
A ternary complex between ILK, PINCH and parvins (IPP) has been
described. Similar to PINCH, parvins interact with ILK prior to localization of the
IPP complex to focal adhesions (Zhang et al., 2002c). Similar to PINCH-ILK
interactions, the interaction between parvins and ILK may be crucial for parvin
stability as PINCH-deficiency is associated with proteasomal degradation of both
ILK and α-parvin (Fukuda et al., 2003b; Wu et al., 2004). Given that interactions
between PINCH and ILK or parvins and ILK are important for attachment and
spreading, the IPP complex is thought to be critical for ILK regulation of the actin
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cytoskeleton in the context of focal adhesions (Legate et al., 2006; Wu et al.,
2012).
Another protein that interacts with ILK is paxillin. Paxillin binds regions
within the pseudokinase domain of ILK (aa 377-396; Figure 1.3; Nikolopoulos
and Turner, 2001; Nikolopoulos and Turner, 2002). Paxillin interacts with ILK and
α-parvin through its LD1 and LD1/LD4 motifs, respectively (Nikolopoulos and
Turner, 2001; Nikolopoulos and Turner, 2002). Deletion of the paxillin binding
domain on ILK or α-parvin disrupts their localization to focal adhesions and
perturbs cell migration (Nikolopoulos and Turner, 2001; Nikolopoulos and Turner,
2002). Given that paxillin also interacts with integrins (see Section 1.2.3), paxillin
may also facilitate the interaction between ILK and/or IPP complexes with
integrins (Schaller et al., 1995; Nikolopoulos and Turner, 2001; Legate et al.,
2006; Wu et al., 2012).

1.3.2 Role of ILK in GTPase Signaling and Cell Migration
ILK and its ability to interact with various proteins are critical for cell
migration. This is supported by the observed perturbation of forward cell
movement in many cell types deficient in ILK, including endothelial, epithelial,
hematopoietic, and neuronal cells (Friederich et al., 2004; Vouret-Craviari et al.,
2004; Liu et al., 2005; Belvindrah et al., 2006; Mills et al., 2006; Lorenz et al.,
2007; Nakrieko et al., 2008a). Notwithstanding the importance of ILK in bridging
integrin attachment points with the actin-cytoskeleton, ILK is also involved in the
regulation of small GTPases involved in cell migration including Cdc42, Rac1 and
RhoA (see Section 1.5).
Inactivation of Ilk is associated with a decrease Rac1 activity without
observable effects on Rac1 protein levels in keratinocytes and T-cells (Liu et al.,
2005; Nakrieko et al., 2008a). ILK-deficient keratinocytes display impaired
directional and persistent migration, as well as defects in lamellipodial stability
(Lorenz et al., 2007; Nakrieko et al., 2008a). These defects can be rescued by
exogenous expression of Rac1 or of constitutively active RhoG, a small GTPase
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that can function upstream of Rac1 (see Section 1.4; Nakrieko et al., 2008a).
Thus ILK plays key roles in directional migration, through mechanisms that may
involve Rac1 and/or RhoG. The contribution of RhoG towards ILK-associated
lamellipodia formation and migration remains to be determined. In addition,
overexpression of ILK stimulates activation of Cdc42 and Rac1 in endothelial,
mesenchymal, and epithelial cells and is associated with formation of
lamellipodia and/or increased cell migration (Filipenko et al., 2005; Qian et al.,
2005; Boulter et al., 2006b; Yang et al., 2008). The increase in Cdc42 and Rac1
activation associated with overexpression of ILK is thought to be mediated
through α-PIX, a guanine nucleotide exchange factor for both Cdc42 and Rac1
(Rosenberger et al., 2003).
ILK may also play a role in modulating RhoA, however this role might be
cell-type specific (Khyrul et al., 2004; Vouret-Craviari et al., 2004; Graness et al.,
2005; Yamazaki et al., 2009). For instance, Ilk-deficiency does not affect
activation of RhoA in fibroblasts, whereas knockdown of ILK inhibits activation of
RhoA in endothelial cells, suggesting ILK may modulate RhoA only in certain cell
types (Vouret-Craviari et al., 2004; Graness et al., 2005). In addition, ILK might
modulate RhoA in different ways depending on the cell type. For instance,
overexpression of ILK is associated with activation of RhoA in an osteosarcoma
cell line whereas ILK is postulated to inhibit activation of RhoA in an embryonic
kidney cell line (Khyrul et a., 2004; Yamazaki et al., 2009). Taken together, these
data would suggest modulation of RhoA by ILK is dependent on cell type.

1.3.3 Other Functions of ILK
There is evidence to suggest that ILK also functions independently of β
integrins. For instance, induction of differentiation in epidermal keratinocytes is
accompanied by loss of β integrin expression (Vespa et al., 2003). However, ILK
is abundant in differentiated keratinocytes suggesting an integrin-independent
role for ILK (Vespa et al., 2003; Vespa et al., 2005). Differentiation of
keratinocytes is accompanied by changes in ILK subcellular localization to cell
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borders, which follows similar kinetics to the formation of adherens junctions
(AJs), involved in cell-cell adhesion (Vespa et al., 2005). The ANK repeats of ILK
are thought to modulate ILK movement to cell borders, as an ILK truncation
mutant that lacks the ANK repeats but contains amino acids 191-452 of ILK does
not localize to cell-cell junctions. Moreover, expression of ILK 191-452 did not
affect expression of β-catenin, but interfered with localization of β-catenin to cell
borders and formation of cell-cell junction in these cells. Thus, ILK may play a
role in the formation of intercellular junctions (Vespa et al., 2003; Vespa et al.,
2005).
ILK has also been observed to shuttle in and out of the nucleus.
Phosphorylation of ILK by the p21-activated kinase (PAK1) can induce ILK import
into the nucleus, whereas nuclear export of ILK is enhanced by the protein
phosphatase ILKAP (Acconcia et al., 2007; Nakrieko et al., 2008b). Nuclear ILK
is thought to modulate DNA synthesis and ILK can also interact with the
regulatory region of the Cnksr3 gene and negatively modulate its expression
(Acconcia et al., 2007; Nakrieko et al., 2008b).
ILK can also localize to centrosomes and form complexes with α- and βtubulin, as well as the spindle microtubule stabilizing proteins ch-TOG and
RUVBL1 (Table 1.2; Dobreva et al., 2008; Fielding et al., 2011). Depletion of
RUVBL1 disrupts localization of ILK to centrosomes and causes defects in
spindle assembly (Fielding et al., 2011). ILK-deficiency also inhibits localization
of RUVBL1 and ch-TOG to centrosomes for proper spindle assembly (Fielding et
al., 2011). It has been suggested that ILK acts as a scaffold for the proper
localization of ch-TOG and RUVBL1 to centrosomes within mitotic spindles, for
spindle assembly, and for progression through mitosis (Fielding et al., 2011).
Finally, and in agreement with the established role of ILK in microtubule
stability dynamics, ILK complexes have been shown to contain the F-actin
binding protein IQGAP and its effector mDia, which regulate both F-actin and
microtubule stability (Table 1.2; Dobreva et al., 2008; Wickstrom et al., 2010b;
Tang et al., 2011). ILK-deficiency is accompanied by decreased stability of

28
microtubules, as well a loss of IQGAP at microtubule tips (Wickstrom et al.,
2010b). IQGAP and mDia are also involved in caveolin-dependent endocytosis
and vesicular transport along microtubules, and ILK-deficiency is associated with
a decrease in the formation of caveolae (Wickstrom et al., 2010b). ILK appears to
act as a scaffold that recruits IQGAP and mDia to the cell cortex to stabilize the
links between microtubules and the plasma membrane, and to induce caveolae
formation and trafficking (Wickstrom et al., 2010b). Integrins are known to be
recycled via clathrin- and caveolin-dependent pathways, but whether ILK is
involved in integrin trafficking remains to be determined (Caswell et al., 2009).

1.3.4 ILK in the Epidermis
Integrin-linked kinase is present in the basal and suprabasal layers of
postnatal mouse epidermis (Lorenz et al., 2007; Nakrieko et al., 2008a).
Moreover, ILK protein is also present in both undifferentiated and differentiated
cultured primary keratinocytes, which model the undifferentiated basal cells and
differentiated suprabasal cells of the epidermis, respectively (Vespa et al., 2003).
No substantial differences in the level of ILK protein between undifferentiated and
differentiated primary keratinocytes were reported (Vespa et al., 2003). A
genome-wide analysis of the transcriptome of ILK-deficient epidermis supports a
role for ILK in multiple functions including development of epidermal
appendages, pigmentation and regeneration (Judah et al., 2012).
Epidermal adhesion to the basement membrane is compromised in ILKdeficient epidermis, as microblisters form at the dermal-epidermal junction
(Lorenz et al., 2007; Nakrieko et al., 2008a). Detachment from the basement
membrane is thought to be due to a loss of β1 integrin expression, as well as to
perturbed distribution of α6β4 integrins in keratinocytes of ILK-deficient epidermis
(Lorenz et al., 2007; Nakrieko et al., 2008a). Detachment may also be
exacerbated through discontinuous distribution of laminin 332, a major ECM
protein necessary for keratinocyte attachment (Lorenz et al., 2007). Aberrant
expression of ECM proteins may also contribute to the inability of ILK-deficient
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keratinocytes to attach normally to the basement membrane as Ilk inactivation in
the epidermis causes downregulation in the expression of Lamγ2 gene
expression, a component of laminin 332 (Judah et al., 2012). In addition, an
abnormal distribution of the cell-cell junction protein E-cadherin was observed
above microblisters in ILK-deficient epidermis, which may further contribute to
the loss of epidermal integrity in the absence of ILK (Lorenz et al., 2007).
Proliferative keratinocytes are confined to the basal layer in normal
epidermis. However both attached and detached areas of ILK-deficient
keratinocytes reportedly display proliferative suprabasal keratinocytes (Lorenz et
al., 2007). In apparent contradiction, Nakrieko et al. (2008a) did not observe
significant alterations in proliferation of ILK-deficient keratinocytes. It is unlikely
that differences between these studies are due to release of cytokines
associated with inflammation as no sign of inflammation was seen in the study by
Lorenz et al. (2007). This discrepancy may however, be due to differences in the
mouse strains being used in these two studies. These investigations generated
mice with restricted Ilk gene inactivation by expressing Cre recombinase under
the regulation of either the epidermis specific keratin 14 promoter (K14Cre) or the
keratin 5 promoter (K5Cre). Cre expression in the K14Cre transgenic mice is
detected as early as 11.5d of gestation, preceding epidermal stratification and
folliculogenesis, whereas Cre expression in the K5Cre transgenic mice is
detected at 15.5d of gestation, when the epidermis has already stratified and hair
follicles have already started forming (Dassule et al., 2000; Lorenz et al., 2007;
Nakrieko et al., 2008a). Thus, another possible reason for the discrepancy may
be due to compensatory effects from parallel signaling pathways associated with
timing of Ilk gene inactivation during embryogenesis (Nakrieko et al., 2008a). In
normal epidermis, suprabasal keratinocytes undergo terminal differentiation
which coincides with a switch in expression of keratin-5 and keratin-14 to keratin1 and keratin-10. However, in ILK-deficient epidermis, a subset of suprabasal
cells express basal layer markers including keratin-5 and keratin-14, suggesting
these cells had not undergone normal differentiation (Lorenz et al., 2007;
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Nakrieko et al., 2008a). ILK-deficiency did not affect expression of differentiation
markers, including keratin 10, involucrin, and filaggrin, in the uppermost
suprabasal cells (Lorenz et al., 2007; Nakrieko et al., 2008a). This would suggest
that ILK also plays a role in regulating proliferation as well as the onset of
differentiation in epidermal keratinocytes.
Integrin-linked kinase is also critical for morphogenesis of the hair follicle,
but not for hair follicle cycling (Lorenz et al., 2007; Nakrieko et al., 2008a;
Nakrieko et al., 2011). For instance, prenatal Ilk inactivation in the epidermis
causes a decrease in the number of hair follicles (Lorenz et al., 2007; Nakrieko et
al., 2008a). This decrease has been attributed to impaired proliferation of matrix
keratinocytes and migration of outer root sheath keratinocytes, which contributes
to hair matrix formation (Lorenz et al., 2007; Nakrieko et al., 2008a). In contrast,
when Ilk is postnatally inactivated in the hair follicle bulge stem cells, no adverse
effects on hair formation and cycling were observed (Nakrieko et al., 2011).
Bulge stem cells also play a role in regeneration of the epidermis upon wounding.
These cells migrate towards the wound site and contribute to re-epithelialization
(Ito et al., 2005; Levy et al., 2007; Langton et al., 2008). Inactivation of Ilk in
these cells delays epidermal wound repair due to an inability of their progeny to
migrate towards the wound and proliferate to contribute to re-epithelialisation
(Nakrieko et al., 2011).
Finally, ILK may be important for pigmentation, as ILK-deficient epidermis
is hypopigmented (Nakrieko et al., 2008a). In the epidermis, melanocytes
produce and transfer melanosomes, to neighbouring keratinocytes (Van Den
Bossche et al., 2006). Loss of ILK in the epidermis is associated with an increase
in expression of genes involved in the biosynthesis of melanin (Judah et al.,
2012). However, ILK-deficient keratinocytes also display perturbed phagocytic
capacity, suggesting the lack of pigmentation in ILK-deficient epidermis may be
due, at least in part, to the inability of keratinocytes to take up melanosomes
produced by melanocytes (Sayedyahossein et al., 2012). In addition,
hypopigmentation of ILK-deficient epidermis may be due to defects in hair follicle
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morphogenesis. In mice, the majority of melanocytes are found nested within
hair follicles and loss of hair follicles in ILK-deficient epidermis may affect the
biology of melanocytes (Slominksi et al., 2005).

1.4

Engulfment and Cell Motility 2
Initially identified by PCR-based cloning from a macrophage cDNA library,

Engulfment and Cell Motility 2 (ELMO2) is a ubiquitously expressed protein 718
amino acids in length (Gumienny et al., 2001). ELMO2 contains five N-terminal
armadillo (ARM) repeats, a central pleckstrin homology (PH) domain and a Cterminal proline rich (PxxP) region (Gumienny et al., 2001). Three ELMO
orthologues have been identified in mammals, of which ELMO1 is the most
extensively studied (Gumienny et al., 2001). ELMO2 and ELMO3 share
approximately 75% amino acid identity and 88% similarity with ELMO1 and the
N-termini of these proteins diverge the most (Gumienny et al., 2001; deBakker et
al., 2004). In contrast, the ARM repeats, PH domain and PxxP region are well
conserved (Gumienny et al., 2001; deBakker et al., 2004).
Differential expression of ELMO proteins in some cell types suggests that
ELMO proteins may play cell-type specific roles under certain circumstances (Yin
et al., 2004; Katoh et al., 2006a). For instance ELMO1 and ELMO2, but not
ELMO3, are expressed in Chinese hamster ovary cells, whereas ELMO2 and
ELMO3, but not ELMO1, are expressed in HeLa cells (Yin et al., 2004). Given
the ubiquitous expression of ELMO proteins, ELMO2 is likely present in
epidermal keratinocytes, although analysis of ELMO2 expression in this tissue
has not been reported.
ELMO proteins modulate F-actin-mediated processes, such as formation
of plasma membrane protrusions, which regulate cell migration, phagocytosis
and neurite outgrowth (Gumienny et al., 2001; Grimsley et al., 2004; Katoh and
Negishi, 2003; Katoh et al., 2006b; Cote and Vuori, 2007). Invertebrate ELMO
orthologs (Caenorhabditis elegans CED-12 and Drosophila melanogaster CED12) are critical for cell migration and apoptotic cell engulfment during embryonic
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development (Gumienny et al., 2001; Zhou et al., 2001; Geisbrecht et al., 2008;
Brzostowski et al., 2009). Expression of ELMO1 or ELMO2 in ced-12-deficient
mutant worms can rescue defects in cell migration, but not in engulfment of
apoptotic cells, suggesting that conserved regions between CED-12 and ELMO
may interact with homologous protein partners during cell migration (Gumienny
et al., 2001).
ELMO1-deficient mice are viable and do not show gross phenotypic
alterations. However these mice exhibit reduced sperm production due to defects
in Sertoli cell engulfment of apoptotic germ cells (Elliott et al., 2010). ELMO1deficient mice show upregulation of ELMO2 in various tissues, and this is
accompanied by normal phagocytosis. However, no increase in the level of
ELMO2 was found in ELMO1-deficient Sertoli cells, indicating that ELMO2 may
compensate for the lack of ELMO1 in many cells, but not in Sertoli cells (Elliott et
al., 2010). The consequences of ELMO2 gene inactivation have not been
reported.
Further studies to determine the mechanism by which ELMO2 may
modulate cell migration have identified multiple binding partners for this protein,
which are involved in actin cytoskeleton remodelling, such as dedicator of
Cytokinesis (Dock) proteins and RhoG (see Figure 1.4; Gumienny et al., 2001;
Katoh and Negishi, 2003).

1.4.1 Role of ELMO2/Dock Complexes in Cell Migration
The ELMO PH domain and PxxP region mediate interactions with an Nterminal SH3 domain in Dock1 (also termed Dock180; Gumienny et al., 2001;
Brugnera et al., 2002; Grimsley et al., 2004; Komander et al., 2008).
Furthermore, the PxxP region enhances the half-life of ELMO/Dock1 complexes
(Sevajol et al., 2012). It has been proposed that ELMO/Dock1 interactions
prevent Dock1 ubiquitination and proteasomal degradation (Makino et al., 2006).
ELMO proteins also interact with Dock2, Dock3 and Dock4; Dock5 also contains
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Figure 1.4. ELMO2/Dock1 complex recruitment to plasma membrane by
active RhoG modulates Rac1 activation. 1) In non-stimulated cells, RTKs
and/or integrins are inactive – no signaling occurs through these proteins.
ELMO2 and Dock1 are found in the cytoplasm in their autoinhibited state. This
prevents the formation of an ELMO2/Dock1 complex. 2) Binding of ligands to
RTKs and/or interactions between the ECM with integrins induces signaling
through their cytoplasmic binding partners. One of the signaling molecules that
is activated during RTK and/or integrin signaling is RhoG. Active RhoG can bind
to the N-terminal armadillo repeats 1 and 2 of ELMO2 and recruits it to the
plasma membrane as well as releasing it from its autoinhibited state.

3)

RhoG/ELMO2 complex formation exposes the PH domain and PxxP regions of
ELMO2, which allow its interaction with Dock1, thus releasing Dock1 from its
autoinhibited state. 4) RhoG/ELMO2/Dock1 complexes interact with Rac1 and
catalyze its activation. Active Rac1 can then interact with downstream effectors
to promote F-actin polymerization. A1-A5: Armadillo repeats 1 through 5, PH:
Pleckstrin homology domain, PxxP: Proline rich regions.

GDP
RhoG

Ligand

RTKs
Integrins

ELMO2

A1 A2 A3 A4 A5

GTP
RhoG

α β

Autoinhibited Dock1

Intracellular

Extracellular

PH PxxP

Intracellular

Extracellular

Extracellular Matrix

Autoinhibited ELMO2

PH PxxP

A5 A4 A3 A2 A1

Integrins

Dock1

α β

3

1

GDP
RhoG

Ligand

RTKs

GDP
RhoG

Ligand

RTKs
Integrins

Integrins

ELMO2

A1 A2 A3 A4 A5

GTP
RhoG

α β

PH PxxP

PH PxxP
GDP
Rac1

Intracellular

Extracellular

F-actin

Autoinhibited Dock1
Extracellular Matrix

ELMO2

Intracellular

Extracellular

Extracellular Matrix

A1 A2 A3 A4 A5

GTP
RhoG

α β

Dock1

RTKs

Rac1

GTP

4

2

34

35
an SH3 domain and is predicted to interact with ELMO proteins (Sanui et al.,
2003; Grimsley et al., 2004; Lu et al., 2005; Hiramoto et al., 2006).
Both ELMO and Dock1 are predominantly cytoplasmic, and adopt
autoinhibitory tertiary structures that can open up to facilitate interactions with
each other (Hanawa-Suetsugu et al., 2012). In their autoinhibited states, both
proteins are unable to modulate actin remodelling (Lu et al., 2005; Patel et al.,
2010; Patel et al., 2011). The interaction between the ELMO ARM repeat region
and the Dock1 SH3 domain mutually relieves their autoinhibition (HanawaSuetsugu et al., 2012). Upon integrin ligation or growth factor stimulation, Dock1
translocates to the plasma membrane where it interacts with ELMO to induce Factin reorganization and formation of lamellipodia (Brugnera et al., 2002;
Grimsley et al., 2004). Although ELMO does not possess any catalytic domains,
ELMO/Dock1, complexes contain GEF activity for Rac1, which underlies the
ability of ELMO proteins to induce front-rear polarity, lamellipodia and migration
(Brugnera et al., 2002; Grimsley et al., 2004). Purified ELMO, alone, cannot bind
Rac1 (Gumienny et al., 2001; Brugnera et al., 2002). Intriguingly, exogenous
expression of a Dock1 mutant that does not interact with ELMO1 but can bind
Rac1 can induce an interaction between ELMO1 and Rac1, suggesting Dock1
plays a role in properly presenting Rac1 for ELMO1 binding (Lu et al., 2004).
ELMO interactions with Dock1 also facilitate the latter’s interaction with Rac1,
and a trimeric complex containing ELMO, Dock1 and Rac1 has been found in
HEK293T and LR73 CHO cells (Brugnera et al., 2002; Lu et al., 2004). It is
noteworthy that Dock1 does not interact with Cdc42 or RhoA, two other small
GTPases involved in modulating polarity and cell migration, suggesting
ELMO/Dock1 mediated processes function specifically via Rac1 (Brugnera et al.,
2002; Hiramoto et al., 2006).
The ELMO PH domain and PxxP region that facilitate interactions with
Dock1 are also important for the ability of Dock1 to interact with and activate
Rac1 (Brugnera et al., 2002; Lu et al., 2004; Lu et al., 2005; Komander et al.,
2008). Mutant Dock1 proteins that interact with Rac1 but not with ELMO lose
their ability to activate Rac1 (Brugnera et al., 2002; Lu et al., 2004). Reciprocally,
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mutant ELMO proteins lacking both the PH domain and PxxP region and which
are unable to interact with Dock1, inhibit Dock1-associated GEF activity for Rac1,
and do not promote membrane ruffling or migration (Brugnera et al., 2002; Katoh
and Negishi, 2003; Grimsley et al., 2004; Lu et al., 2004; Katoh et al., 2006b;
Hiramoto-Yamaki et al., 2010).
ELMO and Dock1 can display a polarized distribution within a cell,
colocalizing to lamellipodia but not to the trailing edge of migrating cells
(deBakker et al., 2004; Grimsley et al., 2004). ELMO mutants lacking the Nterminal amino acids 1-330 can still induce membrane ruffling, but cells do not
polarize or generate lamellipodia, and this ELMO mutant is not found at
membrane ruffles, suggesting the N-terminus of ELMO1 is necessary for proper
localization (Grimsley et al., 2004). Taken together, these observations suggest
that ELMO proteins are involved in regulating local activation of Rac1 and
promoting cell polarity and formation of lamellipodia through their interaction with
Dock1.

1.4.2 Role of ELMO2/RhoG Complexes in Cell Migration
Following to the identification of ELMO/Dock complexes, ELMO2 was
found to interact with GTP-bound RhoG using a yeast-two hybrid screen, with a
bait that was a constitutively active, GTP-bound RhoG mutant (RhoG G12V)
(Katoh and Negishi, 2003). Only active RhoG interacts with ELMO2, as neither a
GDPβS loaded RhoG nor a dominant negative mutant of RhoG (RhoG T17N)
binds ELMO2 (Katoh and Negishi, 2003; Roppenser et al., 2009). Regions within
ELMO2 encompassing amino acids 1-362 mediate the interaction with RhoG
(Katoh and Negishi, 2003; Roppenser et al., 2009). Subsequent mapping studies
have shown that the ELMO1 ARM repeats 1 and 2 mediate an interaction with
RhoG. These ARM repeats are conserved in ELMO2 (deBakker et al., 2004).
RhoG is small GTPase that functions as an upstream activator of Rac1,
and active RhoG promotes formation of lamellipodia and cell migration (Blangy et
al., 2000; Katoh and Negishi, 2003; Samson et al., 2010). Activation of RhoG
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occurs rapidly after integrin ligation or growth factor stimulation (Katoh Negishi,
2003; Katoh et al., 2006b; Samson et al., 2010). RhoG can be found in trimeric
complexes with ELMO2 and Dock1 or Dock4 in HEK293T and LR73 CHO cells,
suggesting it may play a role in ELMO/Dock functions (Katoh and Negishi, 2003;
deBakker et al., 2004; Katoh et al., 2006b; Hiramoto et al., 2006).
Recruitment of ELMO2/DOCK1 complexes to the plasma membrane to
modulate ruffling and lamellipodia is thought to be regulated by binding of active
RhoG to ELMO2 (Katoh and Negishi, 2003; deBakker et al., 2004). A RhoG
mutant (RhoG F37A), which cannot form complexes with ELMO or Dock
proteins, inhibits lamellipodia formation and cell migration (Katoh and Negishi,
2003; Katoh et al., 2006b). Similarly, expression of ELMO1 ARM repeat mutants
that cannot interact with RhoG, inhibit membrane ruffling, formation of
lamellipodia and migration (deBakker et al., 2004). Expression of RhoG F37A
prevents localization of ELMO to the plasma membrane (Katoh and Negishi,
2003). In addition, ELMO1 ARM repeat mutants do not localize to the plasma
membrane (deBakker et al., 2004). Thus, RhoG appears to recruit ELMO/Dock
proteins to the plasma membrane to induce localized activation of Rac1.

1.4.3 Other Functions of ELMO2
The ELMO C. elegans ortholog, CED-12, has been identified as a
regulator of trafficking in differentiated intestinal epithelial cells (Sun et al., 2012).
In these cells, CED-12/ELMO is necessary for recycling of endosomes (Sun et
al., 2012). Mutations of CED-12/ELMO result in impaired cargo recycling due to
cargo accumulation in early endosomes (Sun et al., 2012). This accumulation of
cargo leads to a significant enlargement of endosomes (Sun et al., 2012).
Interestingly, the CED-12/ELMO binding partner CED-5/Dock1, which together
form a bipartite GEF, as well as their effector CED-10/Rac1 are important for
regulating endocytic recycling as mutations in both these proteins results in
intracellular accumulation of recycling cargo and endosome enlargement (Sun et
al., 2012). It is thought that activated CED-10/Rac1 regulates downstream
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effectors, which modulate the transition of early endosomes to recycling
endosomes (Sun et al., 2012). The composition of the recycled cargo regulated
by active CED-10/Rac1 has yet to be investigated. In mammalian epithelial cells,
Rac1 has been identified as a regulator of E-cadherin trafficking, a protein
involved in the formation of cell-cell adhesions (Ahktar and Hotchins, 2001; Frasa
et al., 2010). Whether ELMO2 is involved in endosomal recycling remains to be
determined.

1.5

Cell Migration
Forward cell migration occurs as a consequence of several sequential

steps, including generation of front-rear polarity, formation of membrane
protrusions, and retraction of the trailing tail (Figure 1.5). These processes are
modulated by the Rho family of small GTPases. Inactive, GDP-bound GTPases
are unable to bind their downstream effectors, whereas GTP-bound, active
GTPases can bind effectors and initiate signaling events (Heasman and Ridley,
2008). GTPases are activated by guanine nucleotide exchange factors (GEFs)
which catalyze GDP to GTP nucleotide exchange (Heasman and Ridley, 2008).
Inactivation of GTPases, to terminate their actions, arises from a combination of
their intrinsic ability to hydrolyze GTP to GDP, together with their interactions with
GTPase activation proteins (GAPs), which also catalyze hydrolysis of GTP to
GDP (Heasman and Ridley, 2008).
Understanding the process of keratinocyte migration is important for
studying re-epithelialisation during wound healing (see Section 1.6) as well as
metastasis of transformed keratinocytes (see Section 1.7).

1.5.1 Polarization at the Leading Edge
The initial stage of cell migration requires the polarization of the cell to
form a leading edge (front) and a trailing tail (rear). This is known as
development of front-rear polarity, and can occur spontaneously or be induced by
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Figure 1.5. The multistep process of directed cell migration. Directed cell
migration involves multiple sequential steps including the generation of front-rear
polarity, extension of protrusions and retraction of the trailing end. Cells receive
extracellular cues, which can induce migration. These cues include chemical
stimulants or repellents (chemotactic) or extracellular matrix components
(haptotactic).

Upon stimulation, cells generate a front-rear polarity, which

involves the activation of Rho small GTPases at the front of a cell which induce
formation of protrusions at the leading edge. These include Cdc42 (not shown)
as well as RhoG and Rac1. Active RhoG and Rac1 induce the formation of
lamellipodia, a foothold for stable adhesion to the extracellular matrix, by
regulating actin re-organization at the front of the cell. For forward migration to
progress, cells retract their trailing tail, which is modulated by the small GTPase
RhoA. Activate RhoA stabilizes cell adhesions as well as promotes actomyosin
contractility at stress fibers along the lateral side of a cell, whereas inactivation of
RhoA destabilizes adhesions at the trailing tail.

Environmental
Cue

Tail Retraction

Lamellipodia
Formation

Activation of RhoA

Inactivation of RhoA

Activation of RhoG and
Rac1 at the leading edge

Polarization

Polymerization of
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environmental cues (Wedlich-Soldner and Li 2003). Environmental cues can be
soluble chemical attractants or repellents (chemotactic agents) and/or ECM
proteins (haptotactic agents), which can be found in concentration gradients
(Wedlich-soldner et al., 2003). Upon binding to their cell-membrane receptors,
chemotactic or haptotactic agents stimulate the asymmetrical distribution of those
active receptors, and initiate a polarized signal to generate lamellipodia at the
front of the cell (Gomez-Mouton et al., 2004; Swaney et al., 2010). Active
receptors cluster and recruit scaffold proteins, which further enhance the
polarized signals initiated by chemotactic and haptotactic agents (Swaney et al.,
2010). G-protein coupled receptors (GPCRs) and receptor tyrosine kinases
(RTKs), respond to chemotactic agents, whereas integrins respond to haptotactic
agents (Cox et al., 2001; Frank and Carter, 2004; Nelson et al., 2009; VicenteManzanares et al., 2009).
Modulation of these receptors induces signaling events that regulate
polarization through small GTPases including Cdc42, Rac1, RhoA and RhoG
(Figure 1.4; Nobes and Hall, 1999; Ridley, 2001; Kurokawa et al., 2004;
Hiramoto-Yamaki et al., 2010; Samson et al., 2010). The active forms of these
GTPases display an asymmetrical distribution within a polarized cell (Ridley,
2001; Raftopoulou and Hall, 2004). Specifically, upon receptor stimulation, active
Cdc42, Rac1 and RhoG are found at the leading edge and are involved in the
formation of protrusions. On the other hand, active RhoA is found at stress fibers
and focal adhesions within the cell body, and is involved in retraction of the rear
(Ridley and Hall, 1992a; Kraynov et al., 2000; Kurokawa et al., 2004; Pertz et al.,
2006; Hiramoto-Yamaki et al., 2010; Samson et al., 2010).

1.5.2 Formation of Lamellipodia
If a polarization signal is persistent, a cell will generate a broad, sheet-like
protrusion termed lamellipodium (Small et al., 2010). Lamellipodia contain thin,
short, branched actin filaments that also initiate from adhesions sites situated
near the leading edge (Small et al., 2010). Formation of lamellipodia can be
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regulated by activation of both Rac1 and RhoG (Ridley et al., 1992b; Ridley,
2001; Kurokawa et al., 2004; Hiramoto-Yamaki et al., 2010; Samson et al.,
2010). Rac1 is activated upon stimulation of growth factor or integrin receptors
(Hall, 1998; Price et al., 1998). Active Rac1 binds to the insulin receptor tyrosine
kinase substrate p53 (IRSp53), which in turn recruits and activates complexes
containing the WASP family Verprolin-homologous (WAVE) protein (Miki et al.,
1998). WAVE can then bind to, and regulate the, Arp2/3 complex, a nucleator of
actin filaments (Eden et al., 2002). Nucleating actin filaments then push towards
the plasma membrane, generating protrusions (Pollard, 2007).
Rac1 can also modulate lamellipodia formation through the p21-activated
serine threonine kinase (PAK) protein family (Manser et al., 1994; Knaus et al.,
1995; Vidal et al., 2002). Active Rac1 can recruit and activate PAK, which
increases the size of focal adhesions and thus strengthens anchorage of
lamellipodia (Kimura et al., 2006). In addition, PAK proteins can activate Lim
kinases which are involved in inhibiting the actin severing protein, cofilin (Yang et
al., 1998). Phosphorylation of cofilin by Lim kinase prevents the formers ability to
bind and severe F-actin (Arber et al., 1998; Yang et al., 1998). Thus, Rac1mediated inhibition of cofilin prevents lamellipodium turnover (Yang et al., 1998).
RhoG is activated by stimulation of growth factor and integrin receptors
and can modulate Rac1 activity (Katoh and Negishi, 2003; Samson et al., 2010).
A pathway has been recently described, whereby active RhoG interacts with
ELMO/Dock1 complexes, which act as a bipartite guanine nucleotide exchange
factor for Rac1 (see Section 1.4.2; Katoh and Negishi, 2003; Katoh et al., 2006b;
Hiramoto et al., 2006). Thus, active RhoG and Rac1 contribute to the formation
of lamellipodia via their ability to enhance actin polymerization.

1.5.3 Retraction of the Trailing Tail
Forward cell migration requires not only formation of protrusions, but also
retraction of the trailing tail (Ridley, 2001; Raftopoulou and Hall, 2004).
Retraction of the trailing tail requires translocation of the cell rear towards the
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front, together with disassembly of focal adhesions at the rear (Raftopoulou and
Hall, 2004). Both processes require RhoA (Nobes and Hall, 1999). Activation or
inhibition of RhoA can suppresses cell migration, suggesting that localized
regulation of RhoA is important for this process (Takaishi et al., 1994; Ridley and
Hall, 1992a; Hall et al., 1999).
Active RhoA binds and activates Rho kinase (ROCK) in the cell body,
which in turn can modulate stabilization of actin filaments and actomyosin
contractility (Bishop and Hall, 2000; Sumi et al., 2002). Furthermore, active
ROCK can phosphorylate LIM kinase, which inhibits cofilin from severing actin
filaments and allows actomyosin contractility (Sumi et al., 2002). Active ROCK
can also phosphorylate myosin light chain (MLC) or MLC phosphatase, an
inhibitor of MLC-based contractility (Kimura et al., 1996; Kawano et al., 1999).
Phosphorylation of MLC phosphatase abolishes its inhibitory effect over MLC,
which can then interact with actin filaments and generate stress fibers and
contractile forces (Kimura et al., 1996; Kawano et al., 1999). Another RhoA
effector, mDia, also modulates actomyosin contractility by inducing de novo actin
polymerization (Watanabe et al., 1999, Ridley, 1999). mDia can interact with
actin directly and enhances unbranched actin filament assembly by stabilizing
actin polymerization intermediates (Goode and Eck, 2007). Thus, activation of
RhoA can induce retraction of the trailing tail through actomyosin contractility
(Cox et al., 2001; Burridge and Wennerberg, 2004).
RhoA is also involved in the modulation of focal adhesions (Ridley and
Hall, 1992a). Increasing tension through stress fibers modulates the growth of
focal adhesions, up to a certain threshold, after which disassembly occurs, and
actomyosin contractility induced by activation of RhoA can stabilize focal
adhesions (Barry et al., 1994; Amano et al., 1996). Active RhoA can also induce
phosphorylation of focal adhesion proteins including FAK and paxillin, which are
involved in focal adhesion maturation (Flinn and Ridley, 1996). On the other
hand, suppression of RhoA activity can induce focal adhesion disassembly (Ren
et al., 2000, Holinstat et al., 2006). Suppression of RhoA activity is thought to be
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regulated, in part, by p190RhoGAP, which is phosphorylated and activated by
FAK (Holinstat et al., 2006).

1.6

Keratinocyte Migration during Re-epithelialisation
Wounding of the skin initiates a cascade of events involving inflammation,

cell proliferation, migration, and ECM remodelling, which ultimately regenerate
the injured tissue. These events can be classified into three phases, the
inflammatory phase, the proliferative phase, and the remodelling phase. Initially,
a provisional matrix of cross-linked fibrin is deposited on the surface of a wound
forming a fibrin clot. The fibrin clot contains small amounts of cell adhesion
proteins, including fibronectin, vitronectin and thrombospondin, as well as
numerous motogens and mitogens (Bornstein and Sage, 2002; Kirfel and
Herzog, 2004). Uninjured keratinocytes situated at the wound margins begin to
migrate towards the wound bed, to form a new basal layer (Kirfel and Herzog,
2004). Closure of the wound is a result of keratinocyte migration as well as
proliferation, to cover the provisional matrix (Kirfel and Herzog, 2004).
Although the majority of migrating keratinocytes during re-epithelialisation
arise from the basal layer, suprabasal keratinocytes from the lower spinous and
granular layers can also migrate by “leapfrogging” over basal cells to contribute
to re-epithelialisation (Garlick and Taichman, 1994; Kirfel and Herzog, 2004).
Basal keratinocytes are normally columnar, with baso-apical polarity, whereas
wound margin keratinocytes adopt a flat, elongated phenotype with front-rear
polarity (Ortonne et al., 1981; Kirfel and Herzog, 2004). Coinciding with this
change

in

morphology

is

the

downregulation

of

desmosomes

and

hemidesmosomes, and reorganization of intermediate filaments away from the
membrane and into the cell body (Borradori and Sonnenberg, 1999; Green and
Jones, 1996; Green and Gaudry, 2000). The actin cytoskeleton is also
rearranged; the cortical ring of actin found in the basal lateral surface of
keratinocytes reorganizes into stress fibers within the cell body (Gabbiani et al.,
1978)
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Three main mechanisms are involved in promoting keratinocyte migration
during re-epithelialisation. They include disruption of cell-cell contacts due to
physical damage caused by wounding, interactions between keratinocytes and
the ECM of the provisional matrix, and motogens released into the wound bed.

1.6.1 Role of Cell-cell Contact Disruption in Migration during Reepithelialisation
Cell-cell adhesion is mediated by transmembrane receptors that are linked
to the actin or keratin cytoskeleton (Jamora and Fuchs, 2002, Perez-Moreno et
al., 2003). They include adherens and tight junctions which are connected to the
actin cytoskeleton, as well as desmosomes, which are connected to the keratin
cytoskeleton (Perez-Moreno et al., 2003). All three types of junctions contain
members of the Cadherin family of transmembrane receptors, which form
homotypic interactions with homologs from neighbouring cells (Perez-Moreno et
al., 2003). The cytoplasmic region of cadherins can interact with catenins, which
bind to actin directly, forming a bridge between the cytoskeleton and cell-cell
junctions (Braga, 2002). Cadherins also regulate the small GTPases Cdc42,
Rac1, and RhoA (Fukata and Kaibuchi, 2001). Detachment of cadherins from
neighbouring receptors induces signaling through small GTPases, leading to
reorganization of the actin cytoskeleton into stress fibers (Braga et al., 2000).
This in turn induces keratinocytes to acquire a migratory phenotype (Braga et al.,
2002; Kirfel and Herzog, 2004). Thus, loss of cell-cell contacts, through
regulation of small GTPases and the actin cytoskeleton can induce cell migration.

1.6.2 Role of Extracellular Matrix in Migration during Re-epithelialisation
Upon wounding, wound margin keratinocytes are able to interact with
collagens I and III from the dermal matrix as well as fibrin, fibronectin, and
vitronectin from the fibrin clot (Kirfel and Herzog, 2004). Wound margin
keratinocytes also increase expression of integrins that interact with ECM
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proteins of the fibrin clot, including α5β1, which interacts with fibronectin, and
αvβ5 and αvβ6, which interact with fibronectin and vitronectin (see Section
1.2.2; Martin, 1997). In addition, migration over the provisional dermal matrix
induces synthesis and deposition of laminin 332, fibronectin and collagen IV by
keratinocytes themselves (Clark, 1990; Larjava et al., 1993; Gailit and Clark,
1994). These ECM proteins can enhance keratinocyte migration into the wound
(O’Toole, 2001; Kirfel et al., 2002; Kirfel and Herzog, 2004). Newly deposited
laminin 332, which has not been proteolytically processed by proteases, can
interact with α3β1 integrin but not with α6β4 integrin, and induce cell migration
(Zhang and Kramer, 1996; Nguyen et al., 2000; Decline and Rousselle, 2001;
Choma et al., 2004; Choma et al., 2007). Initial proteolytic processing of laminin
332, allows it to interact with α6β4 integrins and induce formation of
hemidesmosomes to anchor the cell and impede migration (O’Toole et al., 1997;
Borradori and Sonnenberg, 1999; Decline and Rouselle, 2001). Alternatively,
proteolytic cleavage of the laminin 332 γ2 chain increases the ability of
keratinocytes to migrate and also cause release of an EGF-like peptide, which
can act as a motogen by binding to the EGF transmembrane receptor (Giannelli
et al., 1997; Koshikawa et al., 2000; Ogawa et al., 2004; Miyazaki et al., 2006;
Ogawa et al., 2007). Thus, exposure to ECM proteins from the dermal matrix and
fibrin clot during wounding as well as increased expression of ECM proteins and
pro-migratory integrins by wound margin keratinocytes enhances keratinocyte
migration during re-epithelialisation.

1.6.3 Role of Growth Factors in Migration during Re-epithelialisation
Multiple

growth

factors

are

released

into

a

wound

during

re-

epithelialisation and promote survival, proliferation, and differentiation. They also
generate polarity and induce cell migration towards the wound. Growth factors
found in a wound are derived from multiple sources, including platelets,
inflammatory cells, dermal fibroblasts and keratinocytes (Coffey et al., 1987;
Derynck, 1988; Brachmann et al., 1989; Sporn and Roberts, 1992; Werner,
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1998). The EGF family of growth factors was initially considered the key
motogenic regulator of keratinocytes during wounding (see Section 1.6.4;
Cohen, 1987; Barrandon and Green, 1987; Iwamoto and Mekada, 2000). Other
growth factors important for wound repair have been identified based on their
motogenic properties. They include the transforming growth factor beta (TGF-β),
as well as the keratinocyte growth factor (KGF; Brandes et al., 1991; Werner et
al., 1992). TGF-β is a strong stimulator of keratinocyte migration (Decline et al.,
2003). This growth factor is released by platelets and macrophages and is
concentrated near zones of keratinocyte migration at the wound margin (Brandes
et al., 1991; Schmid et al., 1993; Decline et al., 2003). In addition, the TGF-β
receptor is upregulated in wound margin keratinocytes (Schmid et al., 1993).
KGF is also a strong motogenic growth factor and is upregulated more than 100fold upon wounding by dermal fibroblasts of the wound (Werner et al., 1992;
Staiano-Coico et al., 1993; Werner et al., 1998). The epidermal growth factor is a
subject of this thesis and will be discussed in more detail in the following section
(Section 1.6.4).

1.6.4 Epidermal Growth Factor
The EGF family is involved in cell survival, proliferation and migration
(Pastore et al., 2008; Schneider and Wolf, 2009). This family consists of several
members, including EGF, transforming growth factor-α (TGF-α), heparin-binding
EGF (HB-EGF), amphiregulin, epiregulin, betacellulin, neuregulins and epigen
(Harris et al., 2003). All members of the EGF family are synthesized as
membrane-anchored proteins that are proteolytically processed to become
soluble growth factors (pandiella et al., 1992). These soluble growth factors are
ligands for EGF receptors (EGFRs), which include EGFR, HER2, HER3, and
HER4 (also known as ErbB1, ErbB2, ErbB3, and ErbB4, respectively; Bazley and
Gullick, 2005).
The EGFRs are transmembrane tyrosine kinases that contain two major
protein domains, including the extracellular ligand binding domain and a
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cytoplasmic kinase domain (Holbro and Hynes, 2004). Upon ligand binding, EGF
receptors undergo a transition from inactive monomers to active homodimers or
heterodimers. Dimerization stimulates autophosphorylation at several tyrosine
residues on the intracellular domain (Figure 1.6; Holbro and Hynes, 2004;
Hubbard and Miller, 2007). Receptor autophosphorylation elicits downstream
signaling events by recruiting proteins containing PTB and/or SH2 domains that
bind to EGFR phospho-tyrosine residues (Figure 1.6; Citri and Yarden, 2006).
These binding proteins include adaptors such as Shc or Grb2, which binds Son
of Sevenless (SOS), a GEF for the GTPase Ras (Citri and Yarden, 2006). Shc
can also bind Grb2, and recruitment of Shc/Grb2/SOS complexes to EGFR
places SOS in proximity to membrane-associated Ras (Rozakis-Adcock et al.,
1992). This allows for SOS activation of Ras, which is an effector of the ERK
and JNK pathways regulating cell survival and proliferation (Figure 1.6; Blenis,
1993).
The adaptor protein Nck2 can also interact with phospho-tyrosine residues
of EGFR through its SH2 domain (Wu et al., 1999). Nck2 is involved in regulating
the actin cytoskeleton, to modulate formation of protrusions and cell migration
(see Section 1.3.1; Ruusala et al., 2008). In addition, EGFR stimulation can
rapidly induce formation of lamellipodia and induction of migration by activating
RhoG (Samson et al., 2010). Although the mechanisms of RhoG activation
induced by EGF are poorly understood, activated RhoG can recruit ELMO/Dock
complexes to the plasma membrane to activate Rac1 (see Section 1.4.3;
Samson et al., 2010).
Three EGF family members are found at wound sites, namely EGF, TGFα, and HB-EGF (Table 1.3; Grotendorst et al., 1989; Grayson et al., 1993;
McCarthy et al., 1996). Both EGF and TGF-α are released by platelets and
fibroblasts. TGF-α and HB-EGF are also released by macrophages. These
factors are involved in paracrine signaling to keratinocytes (Rappolee et al.,
1988; Yu et al., 1994; Hallbeck et al., 2001; Edwards et al., 2009). In addition,
TGF-α and HB-EGF are released by keratinocytes at the wound margin for
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Figure 1.6.

Epidermal growth factor receptor signaling.
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Source
Platelets
Macrophages, epidermal cells
Macrophages
Macrophages, endothelial cells
Macrophages, endothelial cells
Fibroblasts
Platelets, macrophages
Platelets, macrophages
Macrophages
Platelets, macrophages, epidermal cells
Epidermal cells, macrophages
Neutrophils
Neutrophils
Fibroblasts, epidermal cells
Multiple cells

Reference: Werner and Grose, 2003

Cytokine
EGF
TGFα
HB-EGF
FGF
Acidic FGF
KGF
TGFβ1
TGFβ2
TGFβ3
PDGF
VEGF
TNFα
IL-1
IGF-1
CSF-1

Function
Epidermal proliferation and migration
Epidermal proliferation and migration
Epidermal proliferation and migration
Fibroblast proliferation and angiogenesis
Fibroblast proliferation and angiogenesis
Epidermal proliferation and migration
Epidermal migration, ECM synthesis and remodelling
Epidermal migration, ECM synthesis and remodelling
Antiscaring
Fibroblast proliferation and migration
Angiogenesis
Expression of growth factors
Expression of growth factors
Reepithelizalization and granulation tissue
Macrophage activation

Table 1.3 Cytokines involved in wound healing
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autocrine signaling (McCarthy et al., 1996; Cribbs et al., 2002; Barrientos et al.,
2008). Soluble EGF plays an important role in re-epithelialisation after wounding,
as it is important for keratinocyte proliferation and migration (Rheinwald and
Green, 1977; Reiss and Sartorelli, 1987; Nanney et al., 1990; Ando et al., 1993;
Chen et al., 1993; McCawley et al., 1998; Tokumaru et al., 2000). Addition of
EGF to keratinocyte cultures can induce proliferation and cell migration; antibody
blocking of the EGFR can inhibit this effect (Sarret et al., 1992; Ando et al, 1993;
Chen et al., 1993; Cha et al., 1996).
Supporting the importance of EGF in wound healing is the increased
expression of the EGFR as well as the increased presence of plasma
membrane-associated EGFR in keratinocytes at the wound edge (Nanney et al.,
1984a; Nanney et al., 1984b; Wenczak et al., 1992; Ashcroft et al., 1997;
Barrientos et al., 2008). Upregulation of EGFR is associated with hyperthickened
epidermis suggesting a role in cell proliferation during re-epithelialisation
(Stoscheck et al., 1992; Wenczak et al., 1992). Interestingly, mice deficient in
EGF show no phenotypic abnormalities (Luetteke et al., 1999). This is in contrast
with mice deficient in EGFR, which show hair abnormalities and thinner skin
(Miettinen et al., 1995; Sibilia and Wagner, 1995). Both TGF-α and HB-EGF are
also ligands for the EGFR, and therefore in mice deficient in EGF responses
associated with EGF signaling through the EGFR may be elicited by TGF-α
and/or HB-EGF (Barrientos et al., 2008).
Although TGF-α is also found at wound sites and can induce proliferation
and migration of keratinocytes, it is not critical for all types of wound healing, as
evidenced by normal wound closure in TGF-α-deficient mice (Coffey et al., 1987;
Chen et al., 1993; Luetteke et al., 1993; Mann et al., 1993; Cha et al., 1996).
Instead, inactivation of Tgf-α is associated with defects in development of hair
follicles and the eyes (Luetteke et al., 1993; Mann et al., 1993). However, TGF-α
may contribute to events in the early phase of re-epithelialisation (Kim et al.,
2001). This is supported by the observation that Tgf-α inactivation in the mouse
epidermis prevents healing of ear wounds, which is solely dependent on re-
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epithelialisation. This contrasts with wound healing on the head and other areas,
which requires re-epithelialisation and granulation tissue involvement (Kim et al.,
2001). Interestingly, of all the growth factors found in human wound serum, TGFα has the most effect on keratinocyte migration (Wang et al., 2006). Thus,
species-specific differences in the induction of keratinocyte migration during
wound healing may exist.
HB-EGF is also found at wound sites and can enhance keratinocyte
proliferation and migration (Marikovsky et al., 1993; Hashimoto et al., 1994;
Tokumaru et al., 2000). Addition of HB-EGF to cultured keratinocytes can
increase cell motility, an effect inhibited by HB-EGF neutralizing antibodies
(Tokumaru et al., 2000). In mice, HB-EGF plays a critical role in wound healing
as evidenced by the delayed skin repair in mice with HB-EGF-deficient
keratinocytes (Shirakata et al., 2005). Loss of HB-EGF in keratinocytes is also
associated with decreased cell migration in vitro and in vivo (Shirakata et al.,
2005). Loss of HB-EGF did not affect proliferation of keratinocytes (Shirakata et
al., 2005). HB-EGF expression was highest in keratinocytes at the wound
margin, suggesting this growth factor may also contribute in an autocrine or
paracrine manner to induce wound margin keratinocytes to migrate towards the
wound center (Shirakata et al., 2005).

1.7

Keratinocyte Migration in Epidermal Cancers
Keratinocyte transformation can result in formation of basal or squamous

cell carcinoma (BCC or SCC, respectively). Together, BCC and SCC comprise
the majority of nonmelanoma skin cancers (Oberyszyn, 2008). Although, the
exact genetic alterations in BCC and SCC are unknown, one of the most
common is mutation of the P53 gene which encodes the tumor suppressor
protein, p53 (Brash et al., 1996; Ren et al., 1996; Ponten, 2007). p53 is a
transcription factor involved in regulating the cell cycle, initiating apoptosis and
activating DNA repair (Junttila and Evan, 2009). Upon receiving signals due to
stress, DNA damage or oncogenic events, p53 levels are elevated, which
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induces cell cycle arrest, to allow for DNA repair, or apoptosis (Juntilla and Evan,
2009). It is generally accepted that UVB radiation is a major source of P53
mutations in the epidermis (Nakazawa et al., 1994; Jonason et al., 1996;
Oberyszyn, 2008). Mutant p53 perturbs the ability of cells to repair their DNA or
initiate programmed cell death (Whibley et al., 2009). These abnormalities
coupled with the loss of cell cycle arrest mechanics, may lead to tumor formation
(Whibley et al., 2009). In addition, p53 mutations lead to genomic instability as a
consequence of defective DNA repair, which increases the potential for invasion
and migration of transformed cells and formation of secondary tumors through
metastasis (Whibley et al., 2009).
The development of BCC is associated with migration and invasion of
transformed basal keratinocytes into the underlying dermis, which may cause
significant tissue damage and morbidity (Uzquiona, 2008). Basal cell carcinomas
can invade the regional lymph nodes and metastasize to bones, lungs and other
sites of the skin (Uzquiona, 2008). In BCC cases, when metastasis does occur,
the prognosis for patients is poor (Uzquiona, 2008). Although not much is known
about the underlying mechanism of BCC metastasis, molecular analysis of
human BCC tissues has provided evidence that laminin 332 and the α2β1 and
α3β1 integrins are involved (Stamp and Pignatelli, 1991; Hamasaki, 2011a;
Hamasaki, 2011b). A study comparing BCC tissue to adjacent normal epidermis
showed increased expression of α2β1 and α3β1 integrins in the former; in
contrast, BCC showing regression exhibited reduced α2β1- and α3β1-associated
immunoreactivity (Stamp and Pignatelli, 1991). Whether increased expression of
α2β1 and α3β1 integrins contributes to BCC by regulating cell proliferation
remains to be determined. However there is evidence that α3β1 integrins,
through interactions with laminin 332, may contribute to metastasis (Marinkovich,
2007). For instance, the γ2 chain of laminin 332 was shown to be more highly
expressed in BCC compared to normal epithelia, and correlated with invasion
and metastasis of this tumor (Hamasaki, 2011a). The presence and processing
of laminin 332 promotes normal and transformed epithelial cell migration (Zhang
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et al., 1996; Giannelli et al., 1997; Salo et al., 1999; Nguyen et al., 2000; Nguyen
et al., 2001; Kariya et al., 2004). Thus laminin 332 plays a role in modulating
BCC metastasis.
SCCs are highly invasive and metastatic neoplasms; it is common for
advanced SCC to invade surrounding tissues into neighbouring lymph nodes and
metastasize to distant sites throughout the body. Laminin 332 is also critically
important in SCC invasion (Marinkovich, 2007). The expression of laminin 332
correlates with the aggressiveness of invasion and metastasis of SCC (Hamasaki
et al., 2011b). In a model of SCC tumorigenesis and metastasis, transformed
human keratinocytes can give rise to tumors and metastasis when grafted onto
immunodeficient mice (Dajee et al., 2003). Antibody blocking of laminin 332
completely inhibited tumorigenicity in this model (Dajee et al., 2003). Moreover,
transformed human keratinocytes containing a null mutation of the LAMB3 gene,
which encodes the β3 chain of laminin 332, could not generate tumors when
grafted onto immunodeficient mice (Dajee et al., 2003). However retrovirusmediated expression of the laminin β3 chain in these cells restored their capacity
to form tumors and metastasize (Dajee et al., 2003). In addition, knockdown of
the laminin 332 γ2 chain expression significantly suppressed the invasion ability
of A431, a human SCC cell line (Hamasaki, 2011b). Thus laminin 332 also plays
a role in SCC metastasis.
Integrin-linked kinase may play a role in modulating the metastatic
potential of BCC and SCC as it is upregulated in both types of carcinoma. Higher
expression of ILK is associated with increased invasiveness, metastasis and
poor prognosis in BCC patients (Mo et al., 2007; Papanikolaou et al., 2010). In
addition, in SCC derived from epithelial tissues including the head and neck,
higher expression of ILK is associated with metastasis and poor prognosis (Ito et
al., 2003; Younes et al., 2007; Yu et al., 2011). The mechanisms underlying the
contribution of ILK to metastasis of BCC and SCC are poorly understood. As
previously described, ILK modulates cell migration by acting as a scaffold to link
the cytoskeleton to sites of cell attachment. In addition, ILK modulates the
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expression of the γ2 chain of laminin 332 as ILK-deficient epidermis displays a
1.5-fold decrease in mRNA levels of Lamγ2 (Judah et al., 2012). Overexpression
of ILK may lead to increased laminin 332, deposition and migratory potential. In
addition, ILK is involved in epithelial-mesenchymal transition, a process where
epithelial cells downregulate cell-cell adhesion proteins, loose polarity and
acquire mesenchymal properties, which bestow to them increased migratory
potential (Somasiri et al., 2001; Serrano et al., 2012).

1.8

Epidermal Renewal
The continuous renewal of the epidermis is critical for proper epidermal

function. Epidermal renewal begins with the commitment of basal keratinocyte
stem cells to exit the cell cycle, undergo terminal differentiation and, in the
process, form an impermeable barrier from external insults. Ultimately,
keratinocyte differentiation leads to the formation of highly specialized
corneocytes and ends with the shedding (desquamation) of dead corneocytes.
Corneocytes are enucleated keratinocytes with a cytoplasmic keratin filament
matrix, a network of covalently cross-linked proteins in the interior of the cell
membrane and a network of covalently cross-linked lipids on the exterior of the
cell membrane (Eckert et al., 2005; Steven et al., 1990). This meshwork of
proteins and lipids forms the cornified envelope, which provides the epidermis
with its barrier properties. The whole process of epidermal renewal, from basal
keratinocyte differentiation into corneocytes, takes 10-14 days to complete in
mice, and 2-4 weeks in humans (Alonso et al., 2003; Fuchs, 1993).

1.8.1 Keratinocyte Differentiation
Commitment to terminal differentiation in keratinocytes requires changes
in gene expression, as well as post-translational regulation and trafficking of
adhesion proteins. These processes regulate entry into quiescence with
concomitant detachment from the basement membrane, formation of cell-cell
adhesions, such as adherens junctions (see 1.8.3), tight junctions, and
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desmosomes, as well as development of the cornified envelope (Fuchs et al.,
2002).
In keratinocytes, loss of integrin signaling is considered to be a trigger for
cell cycle withdrawal, as placing keratinocytes in suspension culture triggers
growth arrest (Green, 1977; Rheinwald and Beckett, 1980; Watt, 1994). This
notion is supported by the observation that integrins are downregulated in the
suprabasal compartment that houses post-mitotic keratinocytes. Moreover, loss
of β1 or β4 integrin perturbs basal cell proliferation, whereas suprabasal
expression of β1 integrin promotes suprabasal keratinocyte proliferation (Carroll
et al., 1995; Dowling et al., 1996; Murgia et al., 1998; Piwko-Czuchra et al.,
2009). Integrin ligation induces phosphorylation of Akt, a positive modulator of
growth and survival, and loss of integrin ligation through upward migration away
from the basement membrane in suprabasal cells attenuates Akt signaling
(Thrash et al., 2006). Calcium ions are also an important trigger for cell cycle
withdrawal, in addition to inducing terminal differentiation. Indeed, increasing
extracellular Ca2+ can induce cell cycle arrest and differentiation in cultured
keratinocytes (see Section 1.8.2; Hennings et al., 1980; Hennings et al., 1989;
Pillai et al., 1990; Bikle et al., 2001; Mochizuki et al., 2001; Tu et al., 2001b).
Undifferentiated basal keratinocytes are actively progressing through the cell
cycle, which is positively regulated by cyclins and their modulators including
cyclin-dependent kinases (CDKs; Weinberg and Denning, 2002). Increased
extracellular Ca2+ concentrations activate protein kinase c (PKC) proteins,
serine/threonine protein kinases, which regulate expression of CDK inhibitors to
prevent cell proliferation (Todd and Reynolds, 1998). Furthermore, activation of
protein kinase C (PKC) pathways can also induce downregulation of α6β4
integrins in keratinocytes and attenuate Akt signaling (Alt et al., 2004).
Many structural and molecular changes occur during keratinocyte
differentiation. For instance, basal keratinocytes express keratins 5 (K5) and 14
(K14), intermediate filament proteins that associate with desmosomes to form an
anchorage to the basement membrane (Fuchs and Green, 1980; Mack et al.,
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2005). In contrast, differentiated keratinocytes express keratins 1 (K1) and 10
(K10), which are keratins that are cross-linked with the cornified envelope and
provide structure to the epidermal barrier (Candi et al., 2005; Mack et al., 2005).
Other structural proteins and their associated enzymes are modulated during
keratinocyte differentiation to form the granular layer and cornified layer. These
proteins contribute to the formation of the cornified envelope and include
filaggrin, involucrin, loricrin and transglutaminase (Candi et al., 2005). Filaggrin is
involved in binding of intermediate filaments into tight bundles, whereas
transglutaminase is involved in cross-linking of involucrin and loricrin to the
intermediate filaments underneath the plasma membrane to generate a water
impermeable barrier (Candi et al., 2005). Because these proteins are
differentially expressed in undifferentiated and differentiated keratinocytes, they
are widely accepted markers of keratinocyte differentiation.
Established inducers of differentiation in cultured keratinocytes include the
extracellular ligands, ascorbic acid, retinoic acid, vitamin D3, the phorbol ester 120-tetradecanoylphorbol-13-acetate (TPA) and Ca2+.

All six substances can

induce growth arrest as well as differentiation responses by modulating
transcription factors that regulate expression of cell cycle regulatory genes and
differentiation markers (i.e. involucrin, loricrin and filaggrin; Menon et al., 1985;
Dlugosz and Yuspa, 1993; Bikle and Pillai, 1993; Fisher et al., 1995; Savini et al.,
2002; Slavik et al., 2007). In a non-canonical pathway, Wnt ligands activate the
GPCR, Frizzled, which activates protein lipase C (PLC). Active PLC catalyzes
the hydrolysis

of

phosphatidylinositol. Phosphatidylinositol-4,5-bipohsphate

(PIP2) hydrolysis produces the second messengers inositol-1,4,5-triphosphate
(IP3) and diacylglycerol (DAG). IP3 triggers the release of Ca2+ from intracellular
stores

(endoplasmic

reticulum

and

Golgi).

Intracellular

Ca2+

activates

transcription factors that regulate differentiation associated genes through their
gene regulatory calcium response elements. In addition, Wnt signaling inhibits
the formation of GSK-3β-associated “destruction complexes” which prevents
degradation of the signaling protein β-catenin (Liu et al., 2005). Accumulation of
β-catenin in the cell induces nuclear import of this molecule to regulate
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expression of differentiation associated genes (Fathke et al., 2006; Slavik et al.,
2007). Retinoic acid enters the nucleus and interacts with retinoic acid receptors
that regulate gene expression, whereas ascorbic acid, vitamin D3, TPA and Ca2+
induce protein kinase C (PKC) translocation into the nucleus, whereby it can
activate the transcription factor activator protein-1 (AP-1). However, of these
substances, only Ca2+ induces the formation of cell-cell adhesions and elicits a
differentiation process that most closely mimics the complete differentiation
program of keratinocytes in vivo.

1.8.2 Calcium Regulation of Keratinocyte Differentiation
Calcium is very important for epidermal function, as it regulates the
differentiation of keratinocytes, as well as the formation of cell-cell junctions. In
vivo analysis of Ca2+ concentrations in the epidermis shows that a gradient is
present, which are central for the barrier properties of the epidermis, with lower
levels at the basal layer and higher levels at the granular layer (Menon et al.,
1985). Reflecting the Ca2+ gradient is the absence of adherens junctions at the
basal layer, and presence of mature cell-cell junctions in the suprabasal layers.
Cultured mouse and human keratinocytes model in vivo processes as the
extracellular Ca2+ concentration in the growth medium regulates differentiation
and formation of adherens and other intercellular junctions (Hennings and
Holbrook, 1983b). Keratinocytes cultured in low Ca2+ medium (0.02-0.09 mM
Ca2+)

behave

as

basal

keratinocytes.

They

remain

proliferative

and

undifferentiated, do not form adherens junctions with neighboring cells and grow
as a monolayer (Hennings et al., 1980; Hennings and Holbrook, 1983b;
Vasioukhin et al., 2000). When the extracellular Ca2+ concentration is raised to ≥
0.1 mM, keratinocytes form adherens junctions and differentiate. Over time, Ca2+
treated keratinocytes become quiescent, form extensive cell-cell adhesions and
stratify (Hennings et al., 1980; Vasioukhin et al., 2000). Coinciding with Ca2+induced differentiation, keratinocyte gene expression mimics the pattern
observed in differentiated cells of the epidermis. For instance, keratins 5 and 14
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are expressed in undifferentiated cultured keratinocytes and basal keratinocytes
whereas keratins 1 and 10 are expressed in differentiated cultured keratinocytes
and suprabasal keratinocytes. In addition, expression of other markers of
differentiation is induced by elevating extracellular Ca2+ concentrations in
cultured keratinocytes, including involucrin, filagrin, loricrin and transglutaminase
(Yuspa et al., 1989; Hohl et al., 1991; Elias et al., 2002).
Keratinocytes express a G-protein coupled receptor capable of responding
to calcium (known as the Ca2+-sensing receptor or CaR). CaR is expressed in a
similar pattern as the Ca2+ gradient present in the epidermis; CaR levels are low
in the basal layer and higher in the suprabasal layers (Tu et al., 2004; Komuves
et al., 2002; Oda et al., 1998; Oda et al., 2000). Upon Ca2+ binding to CaR, PLC
is activated which catalyzes the formation of DAG and IP3 from PIP2 (as
described in Section 1.8.1). IP3 triggers the release of Ca2+ from intracellular
stores, which further raises the intracellular concentration of Ca2+. Ca2+, along
with DAG, activates multiple isoforms of PKC, which ultimately regulate
expression of cell cycle proteins to induce cell entry into quiescence and
differentiation (Dlugosz and Yuspa, 1993; Dlugosz et al., 1994; Ivanova et al.,
2005; Tibudan et al., 2002). Activation of the PKC δ and ε downregulates α6β4
integrins (Alt et al., 2004). α6β4 integrins mediate cell anchorage through
hemidesmosomes and loss of α6β4 integrins leads to delamination contributing
to epidermal stratification (Alt et al., 2004).
An additional Ca2+-associated pathway that activates PLC is through the
calcium sensitive tyrosine kinases, Fyn and Src (Xie et al., 2005). Upon Ca2+
treatment of keratinocytes, Fyn and/or Src are activated and phosphorylate
phosphoinositide 3-kinase (PI3K), which in turn increases the activity of PLC
(Calautti et al., 1995; Xie et al., 2005; Zhao et al., 1992).
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1.8.3 Formation of Adherens Junctions
Adherens junctions (AJs) are found predominantly in the spinous and
granular layers of the suprabasal epidermis and are the first junctions to be
formed during epidermal morphogenesis (Gumbiner et al., 1988; Vasioukhin et
al., 2000). AJs are essential for the formation of epithelial sheets, as they
mediate physical connections between the plasma membrane of adjacent cells.
The initial step of sealing the plasma membrane of adjacent cells during AJ
formation occurs through homophilic “zippering” of the transmembrane protein Ecadherin.
E-cadherin aggregates as small clusters on the lateral sides of basal cells,
which is reminiscent of nascent AJs. In suprabasal cells, E-cadherin is found at
AJs (Ishiko et al., 2003). Epidermal inactivation of the E-cadherin gene in mice is
associated with the formation of intercellular gaps in the basal layer, suggesting
that AJs maintain intercellular adhesions and are critical for epidermal
morphogenesis (Young et al., 2003; Tinkle et al., 2004 Tunggal et al., 2005).
Loss of E-cadherin prior to epidermal barrier formation leads to perinatal death
due to improper formation of tight junctions resulting in the defective generation
of the water impermeable barrier (Tunngal et al., 2005). Interestingly, E-cadherin
is not required for the maintenance of the epidermal barrier function as mice loss
of E-cadherin after barrier formation has taken place do not die (Young et al.,
2003; Tinkle et al., 2004). Instead, keratinocytes in these mice exhibit
delayed/impaired differentiation in the granular layers. This tissue also shows
intercellular gaps, suggesting that E-cadherin plays a role in both differentiation
and cell-cell adhesion (Young et al., 2003; Tinkle et al., 2004).
E-cadherin consists of five extracellular repeat domains, a transmembrane
domain and a cytoplasmic domain. The extracellular domains can bind Ca2+ and
binding of Ca2+ induces a conformational change of the extracellular domain
which enables weak homophilic interactions with E-cadherin proteins on adjacent
cells (Pokutta et al., 1994). Over time, strong and stable adhesions form by
clustering of E-cadherin. E-cadherin clustering is facilitated by recruitment of

62
adaptor proteins to the cytoplasmic domain of E-cadherin. These adaptor
proteins can regulate or interact with actin, mediating a link between AJs and the
actin cytoskeleton. More specifically, E-cadherin can interact with the adaptor
protein β-catenin, which in turn interacts with α-catenin, a scaffold protein that
binds to filamentous actin (Herrenknecht et al., 1991; Rimm et al., 1995). αcatenin can also interact with multiple actin associated proteins at AJs including
formin-1 and vasodilator-stimulated phosphoprotein (VASP) which polymerize
actin fibers at AJs and α-actinin which cross-links actin filaments (Kobielak and
Fuchs, 2004; Nieset et al., 1997; Vasioukhin et al., 2000).
Although E-cadherin-catenin complexes are important for stabilizing AJs,
these structures are dynamic and can be rapidly assembled and disassembled to
facilitate proper cell packing as a result of cell division, death or delamination
(Fujita et al., 2002; Pilot et al., 2006; Cavey et al., 2008; de Beco et al., 2009;
Kobielka and Fuchs, 2004). Post-translational tyrosine phosphorylation of βcatenin induces dissociation of α-catenin and decreases the number and size of
cell-cell adhesions (Hu et al., 2001; Ozawa and Kemler, 1998). This plasticity is a
result of E-cadherin trafficking to the plasma membrane and recycling by clathrin
mediated endocytosis. Newly synthesized E-cadherin interacts with β-catenin in
the endoplasmic reticulum and is then delivered to the plasma membrane (Chen
et al., 1999). p120-catenin interactions with E-cadherin can enhance trafficking
and recycling of E-cadherin to the plasma membrane (Chen et al., 2003; Ireton et
al., 2002; Peifer and Yap, 2003). Signaling can also reduce E-cadherin at the cell
surface. E-cadherin is constantly endocytosed and targeted for degradation, or
recycled to the plasma membrane to generate new, or stabilize old, cell-cell
adhesions (Kartenbeck et al., 1991; Bryant and Stow, 2004). Thus, endocytosis
and protein trafficking are key elements in the maintenance of the epidermis and
in the formation of a barrier mediated by differentiated keratinocytes.
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1.8.4 Protein Trafficking in Keratinocytes
Cells regulate their behaviour by controlling the distribution and/or
abundance of cell surface proteins at the plasma membrane. For example,
presence of E-cadherin molecules at the plasma membrane is necessary for the
formation of cell-cell adhesions (Ahktar and Hotchins, 2001; Kee and Steinert,
2001). Similarly, withdrawal of integrins from the plasma membrane is necessary
for detachment of keratinocytes from the basement membrane (Martel et al.,
2000; Lemaitre et al., 2011). In general, the trafficking of cell surface proteins to
and from the plasma membrane is regulated by processes involving membrane
bound vesicles. Exocytosis is the process whereby cytoplasmic membrane
bound vesicles fuse with the plasma membrane to deliver membrane bound
proteins, lipids to plasma membrane compartments and soluble proteins to the
extracellular environment (Nagarajan et al., 2009).
Many of these membrane bound proteins are receptors that interact with
soluble ligands and initiate signaling. Upon receptor stimulation, recruitment of
scaffold proteins such as clathrin or caveolin to membrane regions adjacent to
receptors induces endocytosis. Endocytosis is defined as a process through
which internalizes plasma membrane components are internalized into vesicles
that bud into the cytoplasm for processing. Multiple ways of receptor endocytosis
can occur, including clathrin- and caveolae-mediated endocytosis.
Clathrin-dependent endocytosis occurs by receptor-induced formation of
phosphatidylinositol 4,5-biphosphate, which recruits adaptor proteins such as
AP2 and AP180 (McMahon and Boucrot, 2011). AP2 can also interact with
specific transport sequences found in the intracellular domains of activated
receptors. These adaptor proteins interact with clathrin, and many clathrin
molecules interact with each other to form a scaffold surrounding a membrane
compartment (McMahon and Boucrot, 2011). Clathrin can also interact with
membrane binding proteins such as amphiphysin and epsin that drive curvature
of the membrane, which induces budding (Richard et al., 2011). Finally, vesicle
scission proteins such as dynamin are recruited to the vesicle budding site and

64
contribute to pinching off of the vesicle through GTP hydrolysis (McClure et al.,
1996).
Caveolin-dependent endocytosis is dependent on the formation of lipid
rafts containing cholesterol, which function to trap receptors within a membrane
compartment. These lipid rafts recruit caveolin, a membrane-associated scaffold
protein which clusters with other caveolin molecules to form a pit within the
plasma membrane known as caveolae. Dynamin is also recruited to caveolae for
scission purposes to form a caveosome.
Both clathrin-coated vesicles and caveosomes are both targeted towards
an early sorting station known as the early endosome (Jovic et al., 2010). Sorting
of endocytosed cargo can lead to cargo degradation in lysosomes, posttranslational modification in late endosomes and/or the Golgi system or to ligandreceptor decoupling and recycling back to the plasma membrane through
recycling endosomes (Conibear and Tam, 2009). Internalized receptors are also
able to continue signaling and the localization of these internalized receptors is
distinct from receptor signaling at the plasma membrane (Sadowski et al., 2008).
These processes occur through the movement of vesicles containing cargo along
the cytoskeleton, mediated by motor proteins.
The Rab family of GTPases coordinate vesicular trafficking and regulate a
multitude of functions during these processes (Zerial and McBride, 2001;
Stenmark, 2009). Rab proteins act as molecular switches and can be converted
into two conformational states, a GTP-bound active form and a GDP-bound
inactive form (Zerial and McBride, 2001). Activate Rab proteins have been used
as markers to identify the properties of a vesicle; for instance, Rab4 and Rab11
are markers for early and late recycling endosomes, respectively, whereas Rab5
and Rab7 are markers for early endosomes or late endosomes (Figure 1.7;
Stenmark, 2009). Active Rab proteins recruit a variety of effectors, which regulate
vesicle size, shape, attachment to motor proteins or to the cytoskeleton, or
processing of cargo (Stenmark, 2009).
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Figure 1.7.

Rab GTPases are markers for endosomal compartments.

Endocytosis of cell surface proteins is regulated, in part, by Rab GTPases. After
budding off from the plasma membrane, vesicles fuse with the early endosome,
the initial sorting endosome.

Sorting of endosomal cargo leads to cargo

trafficking to other compartments of the cell. For instance, cargo destined to be
recycled to the plasma membrane is partitioned into early or late recycling
endosomes, whereas cargo destined for post-translational modification at the
trans-Golgi network (TGN) or lysosomal degradation, is partitioned into late
endosomes. The identity of these endosomal compartments is modulated by the
presence of Rab GTPases that modulate endosomal properties. For instance,
early and late endosomes are marked by the presence of Rab5 and Rab7,
respectively, whereas Rab4 and Rab11 are markers for early and late recycling
endosomes, respectively.
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Not much is known about Rab-regulated trafficking in keratinocytes,
although trafficking in general is an important process in keratinocyte biology. For
instance, endocytosis of E-cadherin is important for modulation of cell-cell
contacts between neighbouring keratinocytes (Akhtar and Hotchin, 2001).
Although, the molecules involved in E-cadherin endocytosis remain to be
determined, inactivation of Rab7 results in lysosomal degradation of internalized
E-cadherin (Frasa et al., 2010). In differentiated keratinocytes, lamellar granules
originating from the trans-Golgi network contain lipids as well as lipid modifying
enzymes that are exocytosed to contribute to generation of the cornified
envelope (Ishida-Yamanoto et al., 2004). A subset of these lamellar granules are
positive for Rab11 suggesting Rab11 is involved in the trafficking of lamellar
granules to the plasma membrane (Ishida-Yamanoto et al., 2007).

1.9

Rationale, Hypothesis and Aims
Integrin-linked kinase is expressed in the basal and suprabasal layers of

the epidermis, suggesting a role for this protein in both undifferentiated and
differentiated keratinocytes. ILK is critical to epidermal biology, as evidenced by
the delayed wound healing and impaired integrity of ILK-deficient epidermis. ILK
is also involved in a number of cellular functions, including cell attachment,
migration, phagocytosis and trafficking. The molecular mechanisms by which ILK
is involved in these cellular processes are still poorly understood. Similar to ILK,
ELMO2 is also an adaptor protein involved in cell migration, phagocytosis and
trafficking. Whether ELMO2 and ILK cooperate in migration or other functions of
keratinocytes remains to be determined. To test the hypotheses that ILK and
ELMO2 promote cell migration in undifferentiated keratinocytes whereas
they are involved in trafficking in differentiated keratinocytes, I have
addressed the following aims:
1. To investigate the presence, localization, and function of ILK:ELMO2
complexes in undifferentiated cultured keratinocytes.
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2. To determine the molecular mechanism by which ILK:ELMO2
complexes

regulate

cell

migration

in

undifferentiated

cultured

keratinocytes.
3. To examine the presence, localization, and function of ILK:ELMO2
complexes in differentiated cultured keratinocytes.

1.10
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Chapter 2

Integrin-linked kinase interactions with ELMO2 modulate cell polarity1

1

A version of this chapter has been previously published

Ho, E., Irvine, T., Vilk, G.J., Lajoie, G., Ravichandran, K.S., D'Souza, S.J., and
Dagnino, L. (2009). Integrin-linked Kinase Interactions with ELMO2 Modulate
Cell Polarity. Mol. Biol. Cell 20, 3033-3043.
2

All experiments except for the mass spectrometry (performed by Dr. Greg Vilk,

Ms. Aga Pajak and Ms. Dawn Bryce) and the domain mapping of the ILK-ELMO2
interaction (performed by Mr. Tames Irvine) were conducted by myself.
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2.1 Abstract
Cell polarization is a key prerequisite for directed migration during
development, tissue regeneration, and metastasis. Integrin-linked kinase (ILK) is
a scaffold protein essential for cell polarization, but very little is known about the
precise mechanisms whereby ILK modulates polarization in normal epithelia.
Elucidating these mechanisms is essential to understand tissue morphogenesis,
transformation, and repair. Here we identify a novel ILK protein complex that
includes Engulfment and Cell Motility 2 (ELMO2). We also demonstrate the
presence of RhoG in ILK–ELMO2 complexes, and the localization of this
multiprotein species specifically to the leading lamellipodia of polarized cells.
Significantly, the ability of RhoG to bind ELMO is crucial for ILK induction of cell
polarization, and the joint expression of ILK and ELMO2 synergistically promotes
the induction of front-rear polarity and haptotactic migration. This places RhoG–
ELMO2–ILK complexes in a key position for the development of cell polarity and
forward movement. Although ILK is a component of many diverse multiprotein
species that may contribute to cell polarization, expression of dominant-negative
ELMO2 mutants is sufficient to abolish the ability of ILK to promote cell
polarization. Thus, its interaction with ELMO2 and RhoG is essential for the
ability of ILK to induce front-rear cell polarity.

2.2 Introduction
Directed cell migration is a critical component of multiple biological and
pathological processes, including embryonic development, tissue regeneration
after injury, and metastasis of transformed cells. Forward cell movement occurs
in integrated cycles that involve cell polarization, extension of lamellipodia and
formation of stable focal adhesions, followed by disassembly of focal contacts
and retraction of the trailing tail (Broussard et al., 2008). Although it is well
established that these processes require proteins that link and transduce signals
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from the extracellular matrix to the actin cytoskeleton, such as integrins and their
associated molecules, detailed understanding of how cell polarization and
migration occur continues to be limited by the complexity of the pathways
involved.
A number of studies have identified integrin-linked kinase (ILK) as a key
scaffold

protein

involved

in

cell

polarization,

migration,

survival,

and

differentiation (Bock-Marquettee et al., 2004; Legate et al., 2006; McDonald et
al., 2008a; Nakrieko et al., 2008b). ILK contributes to focal adhesions through its
association with integrins, paxillin, PINCH, and parvins (Legate et al., 2006), but
it also interacts with a variety of other proteins, including the phosphatase ILKAP
(Leung-Hagesteijn et al., 2005), tubulin and other centrosomal proteins (Dobreva
et al., 2008), rictor (McDonald et al., 2008b), and a renal chloride/bicarbonate
exchanger (Keskanokwong et al., 2007). The association of ILK with integrins
may play a role in the induction of cell polarity and directional movement via focal
adhesion complexes. Although the numerous interactions that ILK exhibits with
multiple types of proteins suggests that ILK may also modulate establishment of
cell polarity by additional mechanisms independent of focal adhesions, this
possibility has remained unexplored.
Polarization

involves

the

heterogeneous

distribution

of

cellular

components and is a key event for migration of adherent cells, neuronal and
lymphocytic function, maintenance of epithelial apico-basal surfaces, and
asymmetric cell division (Iden and Collard, 2008). In spite of the fact that
establishment of cell polarity is regulated through numerous pathways, a
common element in all polarized systems examined to date involves the Rho
family of small GTPases, including RhoG and Rac1. For example, forward cell
movement requires localization and activation of Rac1 at the cell front, triggering
the formation of lamellipodial extensions. The latter process occurs in synchrony
with integrin-mediated transduction of adhesion signals required for migration at
the leading edge. During this process, Rac1 activation results from the joint
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contribution of several signaling modules, including ELMO, Engulfment and Cell
Motility (ELMO)–Dock complexes.
ELMO proteins are scaffolds that bind to members of the Dock family,
leading to the activation of Rac1 at the cell front (Katoh et al., 2005; Santy et al.,
2005). Analysis of the broad tissue distribution of the three known mammalian
ELMO homologues has shown extensive overlap, and their biochemical and
biological characterization has yet to identify major differences in their functions
(Gumienny et al., 2001). In addition to migration, ELMO proteins are important
mediators of engulfment of apoptotic cells, bacterial invasion, and neurite
outgrowth (Gumienny et al., 2001; Katoh and Negishi, 2003; Handa et al., 2007).
ELMO–Dock complexes are recruited to cell protrusions by various mechanisms,
including interaction with RhoG, Arf6 or the phosphatidylserine receptor (Katoh
and Negishi, 2003; Wang et al., 2003; Santy et al., 2005). Significantly,
notwithstanding the recognized scaffolding properties of ELMO, few ELMObinding proteins have been identified.
In this study, we characterize a novel, specific interaction between ILK and
Engulfment and Cell Motility 2 (ELMO2), which occurs in a variety of primary
nontransformed cell types. We map the ILK-binding domain of ELMO2 to the Nterminus and demonstrate that ELMO2 serves as a bridge that links active RhoG
to ILK. Notably, ILK colocalizes with ELMO2 or with RhoG to leading
lamellipodia. The biological role of ILK–ELMO2 complexes includes promotion of
cell polarity and directional migration, as evidenced by the ability of ELMO2 to
cooperate with ILK in formation of lamellipodia and acquisition of polarized
morphology in response to laminin stimulation. Our results show crucial roles for
ILK–ELMO2 complexes in epithelial cell polarization and motion.
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2.3 Materials and Methods
2.3.1 Cell Culture and Transfections
Primary mouse keratinocytes isolated from 1–2-d-old CD-1 mice were
cultured in Ca2+-free Eagle's minimum essential medium (EMEM; 06–174G,
Lonza, Rockland, ME, USA) with supplements (low-Ca2+ medium) as described
(Appendix 1; Ivanova et al., 2007). Keratinocytes were induced to differentiate by
increasing the Ca2+ concentration in the growth medium to 1 mM (high-Ca2+
medium). Primary human dermal microvascular endothelial cells were purchased
from and cultured as recommended by Lonza. IMDF cells (Apostolova et al.,
2002) were cultured in HyQ DMEM-RS (SH30565.01, HyClone, Logan, UT)
containing 4% fetal bovine serum (FBS). Cells were transfected as described
(Appendix 1; Hildinger et al., 2007), with some modifications. A 60-μl aliquot of
polyethyleneimine (PEI) stock solution (1 mg/ml, pH 7.0, 25-kDa linear PEI, Cat#.
23966, Polysciences, Warrington, PA, USA) was mixed by vortexing with 8 μg
vector DNA dissolved in 440 μl 150 mM NaCl. Complex formation was allowed to
proceed for 10 min, and the DNA mix was added to the culture medium of cells
plated in 100-mm dishes. The DNA-containing medium was replaced with normal
culture medium 4 h later. Cells were cultured 24–48 h before processing.

2.3.2 Antibodies, Reagents, and Plasmids
Antibodies and their sources are as follows: β-tubulin (E7, Developmental
Studies Hybridoma Bank, University of Iowa, USA), green fluorescent protein
(GFP; Cat#. sc8334, Santa Cruz Biotechnology, Santa Cruz, CA, USA), FLAGM2 (Sigma, St. Louis, MO, USA), V5 (Invitrogen, Grand Island, NY, USA),
glutathione S-transferase (GST; Cat#. 91G1, Cell Signaling, Beverly, MA, USA),
ELMO2 (Cat#. sc21655, Santa Cruz Biotechnology), ILK (mouse monoclonal,
611802, Transduction Laboratories, Lexington, KY, USA, and rabbit polyclonal,
1979–1, Epitomics, Burlingame, CA, USA). Horseradish peroxidase–conjugated
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goat anti-mouse and goat anti-rabbit IgG were from Jackson ImmunoResearch
Laboratories (West Grove, PA, USA). AlexaFluor-conjugated goat anti-mouse
IgG were purchased from Molecular Probes/Invitrogen (Eugene, OR, USA).
Glutathione Sepharose 4B and protein A/G UltraLink resin were, respectively,
from Amersham Biosciences (Piscataway, NJ, USA) and Pierce Chemical
(Rockford, IL, USA). FLAG peptide and all other chemicals were from Sigma (St.
Louis, MO, USA). The vectors encoding V5-tagged wild-type and mutant ILK, as
well as thioredoxin (TRX)-ILK have been described (Vespa et al., 2005; Nakrieko
et al., 2008a). mCherry-tagged ILK was generated by PCR amplification of a V5tagged human ILK cDNA and cloning into mCherry-C1 (Clontech, Palo Alto, CA,
USA). A cDNA encoding FLAG-tagged human RhoG was generated by PCR and
cloned into pET-28a (Novagen, Madison, WI, USA), which provides N- and Cterminus His tags. GFP-tagged ILK and dsRed-tagged paxillin were generously
provided by Dr. C. Turner (State University of New York, Upstate Medical
University, New York, USA) and Dr. A. F. Horwitz (University of Virginia, VA,
USA), respectively. The vectors encoding GFP-tagged wild-type and mutant
RhoG have been described (Wennerberg et al., 2002). The vectors encoding
FLAG- and GFP-tagged ELMO proteins have been described (Gumienny et al.,
2001).

2.3.3 In-Gel Tryptic Digestion and Mass Spectrometry Analysis
Primary human keratinocytes were isolated from neonatal foreskins and
cultured as described (Chang et al., 2006). The cells were infected with a
recombinant adenovirus encoding V5-tagged ILK (Vespa et al., 2003) and
cultured for 96 h in growth medium containing 1.0 mM Ca2+. To isolate ILKinteracting proteins, V5-tagged ILK was immunoprecipitated from keratinocyte
extracts, prepared by harvesting and lysing the cells in coimmunoprecipitation
(CoIP) buffer (1% Triton X-100, 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 5 mM
NaF, 2 mM Na3VO4, 1 mM PMSF, 2 μg/ml aprotinin, 2 μg/ml leupeptin, and 2
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μg/ml pepstatin; 45 min, 4°C). Cell debris in the lysates were removed by
centrifugation, and samples containing each 10 mg protein were precleared with
100 μl protein A/G azlactone beads (53132; Pierce Chemical) for 2 h at 4°C.
Precleared lysates were incubated with mouse IgG or with mouse monoclonal
anti-V5 antibodies (4 h, 4°C). Immunocomplexes were isolated with protein A/G
azlactone beads (30 min, 4°C) and resolved by denaturing gel electrophoresis
(SDS-PAGE). Bands were excised from silver-stained gels, cut into 1-mm cubes,
and washed in distilled water. Proteins in the gel were digested by incubation
with nonself cleaving trypsin (Promega, Madison, WI, USA) for 16 h at 37°C, as
described (Shevchenko et al., 1996; Erdjument-Bromage et al., 1998; Gobom et
al., 1999). Peptides were extracted with 30 μl acetonitrile and 30 μl 5% formic
acid, with vortexing and sonication. The extracted peptides were desalted on
columns consisting of Eppendorf gel-loader tips packed with 1 μl each of POROS
R2 and R3 resins (Applied Biosystems, Foster City, CA, USA). Matrix-assisted
laser desorption ionization-time of flight (MALDI-TOF) analysis was conducted on
a Micromass Reflectron spectrometer (Manchester, United Kingdom) in positive
ion reflector mode. Spectra were collected within a m/z range of 900–4000, with
calibration of the MALDI-TOF analyzer using a 1:2:3 ratio of angiotensin I, renin,
and adenocorticotrophic hormone clip 18-39. Spectra were analyzed with
MassLynx 3.5 software. Peptide mapping and database analyses were
conducted using ProFound (http://prowl.rockefeller.edu/cgbin/ProFound) and
Mascot (www.matrixscience.com) software. This experiment was repeated four
times.

2.3.4 Immunoblot Analysis and IP
Protein lysates were prepared and analyzed as described (Ivanova and
Dagnino, 2007). For IP experiments, harvested cells were lysed in CoIP buffer
(1% Triton X-100, 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 5 mM NaF, 2 mM
Na3VO4, 1 mM PMSF, 2 μg/ml aprotinin, 2 μg/ml leupeptin, and 2 μg/ml
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pepstatin) for 45 min at 4°C. Cell debris in the lysates were removed by
centrifugation, and 1–2 mg protein was precleared with 10 μl protein A/G
UltraLink resin (53132; Pierce Chemical) for 2 h at 4°C. Precleared lysates were
incubated with antibodies indicated in individual experiments (16 h, 4°C).
Immunocomplexes were isolated with protein A/G resin (30 min, 4°C), resolved
by

SDS-PAGE,

and

analyzed

by

immunoblot.

For

tandem

IPs,

immunocomplexes first isolated using anti-FLAG antibodies were eluted from the
protein A/G resin with 20 μg FLAG peptide (100 μg/ml). The eluate was
subjected to a second IP step using anti-V5 antibodies, and the resulting
complexes were analyzed as above. Results shown are representative of at least
three experiments.

2.3.5 Recombinant Protein Purification and In Vitro Binding Assays
Bacterially produced GST fusion proteins were obtained and purified as
described (Ivanova et al., 2007). TRX, TRX-ILK, and RhoG recombinant proteins
were isolated from bacterial lysates prepared in buffer A (10 mM imidazole, pH
8.0, 300 mM NaCl, 50 mM NaH2PO4, 1 mM DTT, 1 μg/ml aprotinin, 1 μg/ml
leupeptin, 1 μg/ml pepstatin, and 1 mM PMSF) and purified using NiNTA agarose
(Qiagen, Chatsworth, CA, USA). Proteins were recovered by sequential elutions
with buffer A supplemented with 250 or 500 mM imidazole. Eluted proteins were
desalted using Amicon Ultra centrifugal filter devices (Millipore, Bedford, MA,
USA) and stored in 10% glycerol at −80°C, in single-use aliquots. Purified RhoG
proteins (2 μg) were allowed to bind guanine nucleotides by incubation in buffer
B (20 mM Tris-HCl, pH 7.5, 0.1 mM DTT, and 5 mM EDTA) containing 0.1 mM
GDPβS or GTPγS for 15 min at 22°C immediately before use. Protein-binding
assays were conducted by incubation of 2 μg of each purified recombinant
protein in buffer C (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 0.5
mg/ml bovine serum albumin (BSA), 1 mM DTT, and 1 μg/ml each aprotinin,
leupeptin, and pepstatin, 1 mM PMSF, 10% glycerol) for 16 h at 4°C, followed by
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IP as described above, with antibodies indicated in individual experiments.
Results shown are representative of at least three experiments.

2.3.6 Fluorescence and Confocal Microscopy
Forty-eight hours after transfection, keratinocytes were briefly trypsinized,
resuspended in serum- and Ca2+-free EMEM supplemented with 2.5% BSA, and
plated onto laminin 332 matrix-coated coverslips (Appendix 1; Nakrieko et al.,
2008b). Cells were cultured for 1.5–2 h to allow attachment and spreading and
processed for direct or immunofluorescence microscopy, as described (Appendix
1; Ivanova and Dagnino, 2007). In experiments assessing attachment and
polarization of cells exogenously expressing ILK and ELMO2 proteins, 1000 cells
were examined in each experiment, and statistical significance was set at p <
0.05 (ANOVA). Photomicrographs were obtained with a Leica DMIRBE
fluorescence microscope (Deerfield, IL, USA) equipped with an Orca-ER digital
camera (Hamamatsu Photonics, Hamamatsu City, Japan), using Volocity 4.3.2
software (Improvision, Coventry, United Kingdom). Confocal images were
captured with a Zeiss LSM5 DUO scanning laser confocal microscope (Jena,
Germany), using ZEN 2007 SP1 software (Zeiss, USA). Results shown are
representative of at least three experiments using triplicate samples.

2.3.7 Migration Assays
Primary keratinocytes were transfected with plasmids encoding a GFPand an mCherry-tagged proteins, as indicated in the experiment of Figure 2.7E,
and cultured in growth medium for 48 h. The cells were briefly trypsinized and
resuspended in warm serum- and Ca2+-free EMEM supplemented with 2.5% BSA
at a density of 2.5 × 105 cells/ml, and a 400-μl portion of this cell suspension was
added a tissue culture insert (Transwell, 8-μm pore size; 353097, BD Falcon,
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Bedford, MA, USA) that had been precoated with laminin 332 matrix on the
surface facing the lower chamber. Culture medium on both upper and lower
chambers consisted of serum- and Ca2+-free EMEM supplemented with 2.5%
BSA. The cells were cultured at 37°C for 2 h, and those cells that migrated
through the membrane were fixed with 4% freshly diluted paraformaldehyde and
stained with Hoescht 33528 (10 μg/ml, Sigma). The number of GFP- and
mCherry-double–positive cells that migrated was determined by microscopic
examination of the lower surface of the insert and normalized to the total number
of GFP- and mCherry-double–positive cells that had been originally added to the
upper chamber of the culture insert. Each experiment was conducted with
duplicate samples.

2.4 Results
2.4.1 Interaction of ILK with ELMO2
To identify candidate proteins that interact with ILK in the epidermis, we
conducted a proteomic analysis of V5-tagged ILK immunoprecipitates isolated
from lysates prepared from primary human epidermal keratinocytes induced to
differentiate by culture in medium containing 1.0 mM Ca2+. This analysis
identified ELMO2 as a novel ILK-interacting protein, as well as other wellestablished ILK-binding proteins, such as PINCH (Legate et al., 2006; Figure
2.1A). To confirm this interaction and to determine whether ILK–ELMO2 complex
formation depends on differentiation status, we transiently transfected primary
murine epidermal keratinocytes with FLAG-tagged ELMO2 and isolated
endogenous ILK immunoprecipitates from undifferentiated cells cultured in lowCa2+ medium (≤0.05 mM Ca2+) or from keratinocytes induced to terminally
differentiate by culture in high-Ca2+ medium (1.0 mM Ca2+). We found the
presence

of

exogenously

expressed

ELMO2

in

all

endogenous

ILK

immunocomplexes, irrespective of the differentiation status of the cells (Figure
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Figure 2.1. Interaction of ILK with ELMO2. (A) Lysates prepared from primary
cultured human keratinocytes infected with a V5-tagged ILK encoding recombinant
adenovirus 96 h before harvest were incubated with anti-V5 antibodies or mouse
IgG,

as

indicated.

Immunocomplexes

were

resolved

by

denaturing

gel

electrophoresis. The gel was silver-stained, and 1-cm bands in each lane were
excised and processed for mass spectrometry analysis. Brackets indicate the
excised bands in which ELMO2 and PINCH were identified. Arrows indicate the
position of IgG heavy and light chains. (B) Primary undifferentiated mouse
keratinocytes were cultured in low-Ca2 medium (0.05 mM) and were transfected
with a vector encoding FLAG-tagged ELMO2. After transfection, the cells were
cultured in medium containing 0.5 mM Ca2, or were induced to differentiate by
culture in medium with 1.0 mM Ca2 for 24 h. Cell lysates were prepared and
endogenous ILK or FLAG-ELMO2 was immunoprecipitated. A control sample was
immunoprecipitated with an unrelated antibody (IgG). The immunocomplexes were
analyzed by immunoblot with antibodies against FLAG, to visualize exogenous
ELMO2, or ILK, as indicated. Portions of the cell lysates (50 μg) before IP were
resolved by SDS-PAGE and analyzed by immunoblot with antibodies against FLAG
(to visualize ELMO2) or ILK. (C) Endogenous ILK–ELMO2 complexes in epidermis
and IMDF cells. Lysates from keratinocytes freshly isolated from epidermis (KT) or
from IMDF cells were immunoprecipitated with a rabbit anti-ILK antibody or with an
irrelevant antibody (IgG). Immunocomplexes were analyzed by immunoblot with an
antibody against ELMO2 or a mouse anti-ILK antibody, as indicated. The third lane
represents a lysate from IMDF cells transfected with a FLAG-tagged ELMO2encoding vector, used as additional control. (D) IMDF cells were transfected with
FLAG-tagged ELMO1 or ELMO2, together with GFP-tagged ILK. Twenty-four hours
after transfection, cell lysates were prepared and exogenous ILK or ELMO proteins
were immunoprecipitated (IP). Immunocomplexes were analyzed by immunoblot
with antibodies against FLAG (to visualize ELMO proteins) or GFP (to visualize ILK).
A 25-μg aliquot of total cell lysate before IP (L) was included in the blots. (E)
Bacterially produced GST-ELMO2 was allowed to interact in vitro with TRX-ILK or
with keratinocyte lysates, and the coprecipitation of ILK was assessed by
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immunoblotting with an anti-ILK antibody (i). Similarly, bacterially produced TRX-ILK
was allowed to interact in vitro with FLAG-tagged GST-ELMO2 or with lysates from
keratinocytes transfected with FLAG-tagged ELMO2, and the coprecipitation of
ELMO2 was assessed by immunoblotting with antibodies against FLAG (ii).
Bacterially produced proteins were verified by immunoblot, using anti-GST or antiTRX antibodies (iii).
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2.1B).

Reciprocally,

we

found

endogenous

ILK

in

FLAG-ELMO2

immunoprecipitates isolated from undifferentiated or differentiated keratinocytes
(Figure 2.1B). Given that ELMO2 was isolated from lysates of cells
overexpressing ILK, we next investigated the association of endogenous ILK with
endogenous ELMO2 in various tissues and cell types. To this end, we isolated
cellular ILK immunoprecipitates from the epidermis, from primary cultured human
microvascular endothelial cells and from cultured IMDF dermal fibroblasts. We
detected cellular ELMO2 in ILK immunocomplexes in those three cell types
(Figure 2.1C), indicating that ILK-ELMO2 complexes naturally occur in a wide
variety of cell types. To further investigate the ability of ILK to interact with ELMO
proteins, we expressed FLAG-tagged ELMO1 or ELMO2 in IMDF cells, which
exhibit nearly 100% transfection efficiency and, consequently, allow excellent
detection of exogenously expressed proteins. In spite of the high degree of
similarity between ELMO1 and ELMO2 (Gumienny et al., 2001), we did not
detect any complexes containing ILK and ELMO1, consistent with the concept
that ILK selectively interacts with ELMO2 (Figure 2.1D).
To examine whether ILK and ELMO2 interact directly, we analyzed the
ability of bacterially produced GST-ELMO2 and TRX-ILK to associate in vitro.
GST-ELMO2, but not GST, was able to precipitate recombinant TRX-ILK, as well
as endogenous ILK from cell lysates (Figure 2.1E). Reciprocally, TRX-ILK, but
not TRX, formed complexes with GST-tagged ELMO2 or with FLAG-tagged
ELMO2 isolated from cell lysates. Thus, the interaction between ILK and ELMO2
is direct.

2.4.2 Protein Domains that Mediate the Interaction of ILK and ELMO2
We exogenously expressed a series of FLAG-tagged ELMO2 deletion
mutants (Figure 2.2A) together with GFP-tagged ILK to determine the region in
ELMO2 that binds ILK. These experiments demonstrated that the presence of a
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GFP tag on ILK did not interfere with its ability to associate with ELMO2 (Figure
2.2B). Deletions of the ELMO2 C-terminus had no significant effect on its ability
to associate with ILK, and an ELMO2 region comprising the first N-terminal 307
amino acid residues, containing four of the five putative Armadillo repeats, was
sufficient for this interaction (Figure 2.2B). In contrast, an ELMO2 mutant lacking
all Armadillo repeats, but containing the pleckstrin homology domain and the
regions in ELMO that bind Dock family proteins (ELMO2 482-718) was not
detected in ILK immunoprecipitates.
Through a similar approach, we expressed a series of ILK deletion and
point mutants to map the region(s) in ILK that interact with ELMO2 (Figure 2.3A).
As shown in Figure 2.3B, mutants with various deletions in the C-terminal kinase
domain were able to associate with ELMO2, as did the point mutant ILK E359K,
which exhibits abnormal kinase activity, indicating that the ILK kinase domain is
dispensable. Of note, we also found a fragment lacking the N-terminal ankyrin
repeats and containing an intact kinase domain (ILK 191-452) in full-length
ELMO2 or ELMO2 (1-482) immunoprecipitates (Figure 2.3B). Together, these
data suggest that several regions in ILK contribute to optimal binding to the Nterminus of ELMO2.
Several putative ankyrin repeats have been identified in ILK (amino acid
residues 33-65, 66-98, and 99-131). Essential for the structure of these repeats
are tetrapeptide motifs (Mosavi et al., 2002), which correspond in ILK to regions
36SPLH39, 69TPLH72, and 102VPLH105. We determined the role of each of
these domains for ILK interactions with ELMO2 by ectopically expressing GFPtagged ILK (1-192) forms in which these tetrapeptide motifs were individually
mutated to alanines (Figure 2.4A). We found that ELMO2 associated with each of
these ILK mutants, indicating that, individually, the ankyrin repeats of ILK are
dispensable for interactions with ELMO2.
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Figure 2.2. ELMO2 domains that mediate interaction with ILK. (A) Schematic
representation of FLAG-tagged ELMO2 mutants used. The numbers on the left
indicate amino acid residues present in the mutants. Domains in ELMO2 shown are
the armadillo repeats (A1–A5), the pleckstrin homology domain (PH) and the prolinerich region (PxxP). wt, wild type. (B) IMDF cells were transiently transfected with
GFP-tagged ILK and the ELMO2 protein indicated, and 24 h later cell lysates were
prepared. Exogenous ILK was immunoprecipitated with anti-GFP antibodies. The
presence of ELMO2 proteins (indicated with an asterisk) in immunocomplexes was
analyzed by immunoblot with anti-FLAG antibodies. Replicate samples of lysates
before IP were analyzed by immunoblot to verify expression of ELMO2 proteins and
ILK using, respectively, anti-FLAG and anti-ILK antibodies. Note that we
occasionally detect GFP-tagged ILK as a doublet.
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Figure 2.3. ILK domains that mediate interaction with ELMO2. (A) Schematic
representation of V5-tagged ILK mutants used. Numbers on the right indicate amino
acid residues present in the mutants. Domains in ILK shown are the ankyrin repeats
(A1–A3), the pleckstrin homology domain (PH) and the kinase domain. Wild-type ILK
is indicated as wt. (B) IMDF cells were transiently transfected with indicated V5tagged ILK proteins and FLAG-tagged ELMO2. Twenty-four hours after transfection,
cell lysates were prepared. Exogenous ELMO2 was immunoprecipitated with antiFLAG antibodies, and the presence of ILK proteins (indicated with an asterisk) in
immunocomplexes was analyzed by immunoblot with anti-V5 antibodies. Replicate
samples of lysates before IP were analyzed by immunoblot to verify expression of
exogenous ELMO2 and ILK proteins using, respectively, anti-FLAG and anti-V5
antibodies.
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Figure 2.4. Role of ILK ankyrin repeats in interaction with ELMO2. (A)
Schematic representation of GFP-tagged ILK mutants used. Putative ankyrin
repeats in ILK are shown with key amino acid residues in each repeat. The following
mutations

were

introduced

36SPLH39→AAAA;

T,

in

the

residues

ankyrin

repeat

regions:

69TPLH72→AAAA;

S,
V,

residues
residues

102VPLH105→AAAA. Wild-type ILK is indicated as wt. (B) IMDF cells were
transiently transfected with indicated GFP-tagged ILK proteins together with FLAGtagged ELMO2. Twenty-four hours after transfection, cell lysates were prepared.
Exogenous ILK was immunoprecipitated with anti-GFP antibodies. The presence of
ELMO2 in immunocomplexes was analyzed by immunoblot with anti-FLAG
antibodies. The lane marked IgG denotes IP of lysates containing ELMO2 and wt
ILK with an unrelated antibody, whereas the lane marked vector indicates IP with
anti-GFP antibodies of lysates containing FLAG-ELMO2 and an empty control
vector. Replicate samples of lysates before IP were analyzed by immunoblot to
verify expression of exogenous ELMO2 and ILK proteins using, respectively, antiFLAG and anti-GFP antibodies.
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2.4.3 Modulation of ILK Subcellular Localization by ELMO2
To begin to assess the biological role of ILK–ELMO2 complexes, we first
investigated the subcellular distribution of these two proteins. Because
endogenous ELMO2 could not be detected by immunofluorescence microscopy,
we transiently expressed GFP-tagged ELMO2 and mCherry-tagged ILK in
primary murine keratinocytes. Transfected cells were trypsinized and replated at
low density on a laminin 332 matrix to induce focal adhesion formation, cell
spreading, as well as cell polarization and directional migration mediated by
stimulation of integrin α3β1 (Choma et al., 2004). We used laminin 332 as it is
the major extracellular matrix protein to which keratinocytes attach in normal,
undamaged epidermis (Nguyen et al., 2000). Under these conditions, and in
agreement with previous reports (Nikolopoulos and Turner, 2002; Vespa et al.,
2003; Nakrieko et al., 2008a), mCherry-ILK was detected throughout the
cytoplasm and, at low levels, in the nucleus when expressed in the absence of
exogenous ELMO2 (Figure 2.5A). GFP-ELMO2 also distributed throughout the
cell and, in cells with lamellipodia, ribbons of GFP-ELMO2 fluorescence were
visualized in discrete regions of such extensions (Figure 2.5A). Significantly,
exogenous ELMO2 was capable of recruiting ILK to membrane ruffles and
lamellipodia formed in polarized cells, as evidenced by the presence of intense
mCherry-ILK and GFP-ELMO2 fluorescence along cell protrusions (Figure 2.5A
and B). Further, coexpression of ILK and ELMO2 frequently gave rise to
formation of extensive lamellipodia generally localized to the cell front, and
occasionally localized to two different cell areas (Figure 2.5A and B). Similarly,
ELMO2 (1-307) was able to recruit ILK to cell extensions, although the cell
protrusions observed with this mutant were generally substantially smaller than
those generated by wild-type ELMO2 (Figure 2.5B). In contrast, an ELMO2
mutant lacking the N-terminus (ELMO2 482-718) was neither able to localize to
lamellipodia, nor to recruit ILK to the plasma membrane (Figure 2.5B), in keeping
with its inability to interact with ILK, as well as the reported failure of N-terminal
truncations of ELMO1 proteins to localize to membrane ruffles (Grimsley et al.,
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Figure 2.5. Colocalization of ILK with ELMO2 and RhoG. (A) Primary mouse
keratinocytes were cotransfected with the indicated fluorescent proteins. Forty-eight
hours after transfection, the cells were briefly trypsinized and replated onto a laminin
332 matrix. Keratinocytes were allowed to adhere and spread, and after 2 h they
were processed for confocal microscopy. (B) Primary mouse keratinocytes were
cotransfected with plasmids encoding mCherry-tagged ILK and the indicated GFPtagged ELMO2 proteins. Forty-eight hours after transfection, the cells were briefly
trypsinized and replated onto a laminin 332 matrix. Keratinocytes were allowed to
adhere and spread, and after 2 h they were processed for confocal microscopy.
Insets represent magnification of boxed areas. (C) Primary mouse keratinocytes
were cotransfected with mCherry-tagged ILK and the indicated GFP-tagged RhoG
proteins. Forty-eight hours after transfection, the cells were trypsinized and replated
onto a laminin 332 matrix. Keratinocytes were allowed to adhere and spread, and
after 2 h they were processed for confocal microscopy. Insets represent
magnification of boxed areas. Bar, 20 μm.
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2004).

2.4.4 Formation of Ternary Complexes Containing ILK, ELMO2, and RhoG
ILK and ELMO proteins are linked to signaling pathways involved in Rac1
activation in various cell types (Brugnera et al., 2002; Liu et al., 2005; Boulter et
al., 2006; Grimsley et al., 2006; Nakrieko et al., 2008b). Specifically, ILK is
essential for normal Rac1 activation triggered by integrin α3β1 stimulation,
whereas ELMO cassettes activate Rac1 after their interaction with RhoG. Given
that ILK binds to ELMO2, and ELMO2 binds to RhoG, we next investigated the
possibility of association between ILK and RhoG. To this end, we first
exogenously expressed GFP-tagged wild-type RhoG and mCherry-tagged ILK in
epidermal keratinocytes. We briefly trypsinized the cells and replated them on a
laminin 332 matrix to induce attachment, spreading and forward movement
mediated by integrin α3β1. We first determined in these cells if ILK and RhoG are
found at similar subcellular locations. In agreement with previous reports
(Hiramoto et al., 2006; Nakrieko et al., 2008b), exogenous expression of RhoG
induced formation of cell protrusions, and intense RhoG fluorescence was
present at sites of membrane ruffling (Figure 2.5C). Remarkably, ILK colocalized
at the membrane in those same areas enriched for RhoG (Figure 2.5C),
suggesting that these two proteins may be elements of a common protein
complex. We next investigated whether ILK was enriched in regions in which
exogenously expressed RhoG mutant proteins could be found. We observed that
ILK also colocalized with the constitutively active mutant RhoG Q61L, which
induced formation of cell protrusions in a very similar manner to that observed
with exogenous, wild-type RhoG (Figure 2.5C). In stark contrast, expression of
RhoG T17N, an inactive mutant that binds to and presumably sequesters RhoG
activators, such as Trio (Blangy et al., 2000), abolished the ability of the cells to
spread on the laminin 332 matrix, irrespective of whether or not exogenous ILK
was present, as evidenced by the spherical morphology of the cells expressing
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this RhoG mutant (Figure 2.5C). These observations suggested that pathways
sensitive to inhibition by RhoG T17N are essential for keratinocyte spreading on
laminin 332, but precluded the identification of the subcellular sites of potential
colocalization of the two proteins, if any. To further investigate the potential
interaction between ILK, ELMO2, and RhoG, we determined the ability of RhoG
to bind ELMO2 or ILK. We transiently transfected IMDF cells with RhoGencoding vectors, together with plasmids encoding either ELMO2 or ILK, and
were

able

to

detect

the

presence

of

wild-type

RhoG

in

ELMO2

immunocomplexes (Figure 2.6A). As previously reported (Katoh and Negishi,
2003), ELMO2 associated also with RhoG Q61L, but not with the T17N mutant
(Figure 2.6A). Remarkably, we also detected ILK in immunocomplexes
containing wild-type or Q61L RhoG, but not RhoG T17N (Figure 2.6B). These
observations identify a novel physical interaction of ILK with Rho family
GTPases.
The experiments described above do not distinguish between the
possibility that ILK forms different binary complexes with either ELMO2 or RhoG,
or that it participates in the formation of a ternary complex containing both
ELMO2 and RhoG. To address this issue, we conducted sequential IPs in lysates
from IMDF cells exogenously expressing V5- and mCherry-doubly tagged ILK,
FLAG-tagged ELMO2 and one of various GFP-tagged RhoG proteins. ELMO2
immunocomplexes were first obtained from these lysates using anti-FLAG
antibodies. After elution in the presence of excess FLAG peptide, the ELMO2containing immunocomplexes were subjected to a second round of IP using antiV5 antibodies. This approach allowed us to isolate species that contained both
ILK and ELMO2, which were then analyzed by immunoblot for the presence of
exogenous RhoG proteins. As shown in Figure 2.6C, both wild-type and Q61L
RhoG were present in ELMO2–ILK immunoprecipitates, whereas T17N RhoG
was not detected, indicating the existence in cells of complexes composed of
ILK, ELMO2, and active RhoG. To further investigate the interactions of RhoG
with ILK–ELMO2 species, we conducted in vitro binding experiments with
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Figure 2.6. ILK, ELMO2, and active RhoG form trimeric complexes. (A) IMDF
cells were cotransfected with vectors encoding FLAG-tagged ELMO2 and GFP or
the indicated GFP-tagged RhoG protein. Cell lysates were prepared 24 h later, and
exogenous ELMO2 was immunoprecipitated with anti-FLAG antibodies. The
presence of GFP or RhoG proteins in immunocomplexes was analyzed by
immunoblotting with anti-GFP antibodies. Replicate samples of lysates before IP
were analyzed by immunoblot to verify expression of GFP GFP-RhoG proteins and
of ELMO2 using, respectively, anti-GFP and anti-FLAG antibodies. The blots were
also probed for β-tubulin, as a loading control. (B) IMDF cells were cotransfected
with vectors encoding V5- and mCherry-doubly tagged ILK and GFP or the indicated
GFP-tagged RhoG protein. Cell lysates were prepared 24 h later, and exogenous
ILK was immunoprecipitated with anti-V5 antibodies. The presence of GFP or RhoG
proteins in the ILK immunocomplexes was analyzed by immunoblotting with antiGFP antibodies. Replicate samples of lysates before IP were analyzed by
immunoblot to verify expression of GFP or GFP-RhoG proteins using anti-GFP
antibodies and of V5-mCherry-ILK using anti-V5 antibodies. The blots were also
probed for β-tubulin, as a loading control. (C) IMDF cells were cotransfected with
vectors encoding V5- and mCherry-doubly tagged ILK, FLAG-tagged ELMO2, and
the indicated GFP-tagged RhoG protein. Cell lysates were prepared 24 h later and
subjected to two sequential IPs. The lysates were incubated first with anti-FLAG
antibodies, to isolate ELMO2-containing immunocomplexes, which were eluted with
excess FLAG peptide, and subjected to a second IP using anti-V5 antibodies, to
isolate complexes containing both ELMO2 and ILK. ILK–ELMO2 immunocomplexes
were analyzed by immunoblot with antibodies against GFP, to visualize RhoG
proteins; V5, to visualize ILK; or FLAG, to detect ELMO2, as indicated. Portions of
the cell lysates (50 μg) before IP were resolved by SDS-PAGE and analyzed by
immunoblot with antibodies against V5, FLAG, or GFP to visualize, respectively, ILK,
ELMO2, or RhoG proteins. The blots were also probed for β-tubulin, as a loading
control. (D) In vitro binding assays were conducted with the bacterially produced
proteins indicated on the left. FLAG-tagged RhoG was incubated with the indicated
GTP or GDP analogue for 15 min at 22°C before binding assays. For binding,
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proteins were incubated for 2 h at 22°C. Complexes were immunoprecipitated, using
antibodies against FLAG or GST, as indicated. Immunocomplexes were resolved on
SDS-PAGE and analyzed by immunoblot, using the following antibodies: anti-GST,
to detect GST or GST-ELMO2; anti-TRX, to detect TRX or TRX-ILK; and anti-FLAG,
to detect FLAG-RhoG. (E) Immunoblots showing expression of the indicated
bacterially produced proteins used for in vitro binding experiments.
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bacterially produced FLAG-tagged RhoG, GST-tagged ELMO2, and TRX-tagged
ILK (Figure 2.6E). After incubation of RhoG with GTPγS to activate it, we found
that RhoG-GTPγS was able to bind ELMO2 in the presence or absence of ILK
(Figure 2.6D). Similarly, ILK was able to bind ELMO2 irrespective of whether or
not RhoG-GTPγS was added to the binding reaction (Figure 2.6D). In contrast,
RhoG-GTPγS associated with ILK only in the presence of ELMO2. Further,
neither ILK nor ELMO2 associated with inactive RhoG, present as either RhoGGDPβS or free bacterial RhoG (Figure 2.6D). Together, these data are consistent
with the concept that ELMO2 acts as a bridge to bring together active RhoG and
ILK, to form a ternary complex.

2.4.5 ILK and ELMO2 Cooperate to Modulate Cell Spreading and
Polarization
We previously reported that inactivation of the Ilk gene yields ILK-deficient
keratinocytes that are incapable of spreading on laminin 332 substrates, of
acquiring a polarized phenotype and of sustaining forward movement (Nakrieko
et al., 2008b). Similarly, ELMO is involved in normal integrin-mediated cell
spreading and migration in various cell types (Grimsley et al., 2004; Katoh et al.,
2005). The requirement of lamellipodia formation for cell polarization, together
with the ability of ELMO2 and ILK to localize to cell protrusions, prompted us to
investigate if ELMO2 and ILK act cooperatively to modulate the establishment of
cell polarity. To this end, we seeded keratinocytes exogenously expressing ILK
and/or ELMO2 at low density on laminin 332 substrates. Three hours after
plating, we determined the fraction of cells that had attached, but not spread
(hereafter termed Attached), those that had attached and spread, but did not
exhibit a polarized morphology (hereafter termed Nonpolarized), and those that
exhibited a polarized morphology (termed Polarized, Figure 2.7A). Under these
conditions, attached and nonpolarized cells that expressed neither exogenous
ILK nor ELMO2 constituted, each, ∼40–45% of the population, with the
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Figure 2.7. ILK and ELMO2 cooperate to promote cell polarization and
migration. (A) Primary mouse keratinocytes were cotransfected with mCherrytagged ILK and GFP-tagged ELMO2. Forty-eight hours after transfection, the cells
were briefly trypsinized and replated onto a laminin 332 matrix, and 2 h later they
were processed for fluorescence microscopy. Bar, 20 μm. (B) Relative abundance of
attached, nonpolarized, and polarized cells expressing mCherry-tagged ILK and/or
GFP-tagged ELMO2, as indicated. Results are expressed as the means; error bars,
SEM (n = 3). The asterisks indicate p < 0.05 (ANOVA) relative to cells expressing
mCherry and GFP. (C) Relative abundance of attached, nonpolarized and polarized
cells expressing mCherry-tagged ILK in the presence or absence of either GFP or
the indicated GFP-tagged ELMO2 proteins. The abbreviations used for the ELMO2
proteins are as follows: wt, wild type; N, ELMO2 1–481; C, ELMO2 482–718. ILK (−)
and ELMO2 (−) indicate, respectively, that the cells were transfected with a vector
encoding mCherry or GFP. Results are expressed as the means; error bars, SEM (n
= 3). *p < 0.05 (ANOVA) relative to cells expressing mCherry and GFP. (D) Relative
abundance of attached, nonpolarized, and polarized cells expressing mCherrytagged ILK in the presence or absence of GFP or the indicated GFP-tagged wildtype (wt) or F37A mutant RhoG. ILK (−) and RhoG (−) indicate, respectively, that the
cells were transfected with a vector encoding mCherry or GFP. Results are
expressed as the means; error bars, SEM (n = 3). *p < 0.05 (ANOVA) relative to
cells expressing mCherry and GFP. (E) Primary cultured keratinocytes were
transfected and briefly trypsinized, as described for C. The cells were resuspended
in serum- and Ca2+-free medium containing 2.5% BSA, and 1 × 105 cells were
added to the upper chamber of a Transwell insert in which the lower side had been
coated with laminin 332 matrix. The cells were cultured at 37°C for 2 h to allow
migration through the insert pores, and cells that were positive for both GFP and
mCherry fluorescence and that had migrated to the lower side of the insert were
quantified. An aliquot of the cell suspension was analyzed to determine the total
number of GFP- and mCherry double–positive cells initially dispensed into the cell
insert. The fraction of cells expressing GFP and mCherry that had migrated is set to
1 and represents the control population. The results show the migration of cells
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expressing mCherry-ILK and/or GFP-ELMO2 proteins relative to the control. The
results are expressed as the means; error bars, SEM (n = 4). *p < 0.05 (ANOVA)
relative to cells expressing mCherry and GFP.
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remaining ∼15–18% of the cells showing a polarized morphology (Figure 2.7B).

These proportions were significantly altered in the joint presence of exogenous
ILK and ELMO2. Specifically, the fraction of attached and nonpolarized cells
decreased, respectively, to ∼20 and 30%, whereas the proportion of polarized
cells increased just over threefold to 50–55% relative to control keratinocytes

(Figure 2.7B). Importantly, exogenous expression of ILK alone increased the
proportion of polarized cells about twofold, whereas that of ELMO2 increased it
just over 1.5-fold (Figure 2.7C). Together, these observations suggest that ILK
and ELMO2 can cooperate to induce establishment of keratinocyte polarity in
response to laminin 332.
Given the ability of the N-terminus of ELMO2 to bind ILK and localize to
cell protrusions, albeit with lower efficiency than the wild-type protein, we
investigated its effect on ILK-induced cell polarization. Strikingly, the presence of
ELMO2 (1-481) abolished the ability of ILK to induce cell polarization (Figure
2.7C), suggesting that full-length ELMO2 may be a required scaffold for the
functional interaction of ILK with other downstream effector proteins, necessary
for induction of cell polarity. Paradoxically, expression of the N-terminal deletion
mutant ELMO2 (482-718), which does not bind ILK, also resulted in loss of ILK
induction of cell polarization (Figure 2.7C). Together, these observations suggest
that the association of ILK with the N-terminus of ELMO2 may contribute to
localize the former protein to lamellipodia and to transmit signals to downstream
effectors likely associated with the C-terminus of ELMO2. These signals induce
changes in cell morphology and establishment of front-rear polarity. The ability of
the ELMO2 truncation mutants to completely interfere with ILK induction of cell
polarization is consistent with the proposal that the ILK–ELMO2 cassette may be
an important contributor to the ability of ILK to induce keratinocyte polarization in
response to stimulation by laminin 332.
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2.4.6 Role of ELMO2–RhoG Interactions in ILK-mediated Cell Polarization
Given that we established the presence of RhoG in ILK–ELMO2
complexes, we next examined whether an ELMO2-mediated link between this
small GTPase and ILK is necessary for ILK induction of cell polarization. We
reasoned that if ILK induces cell polarization via ILK–ELMO2–RhoG species,
exogenous expression of RhoG mutants incapable of binding to ELMO2 would
hinder ILK-induced cell polarity. Thus, we scored the ability of cells to attach,
spread, and acquire a polarized morphology in response to laminin 332,
conducting similar experiments to those described for Figure 2.7C, but using
keratinocytes exogenously expressing ILK and various RhoG proteins. We
observed that either exogenous ILK or wild-type RhoG increased the fraction of
polarized cells ∼3.5-fold relative to control cultures, mainly at the expense of the
Attached (nonspread) cell population (Figure 2.7D). The joint presence of

transfected ILK and RhoG did not significantly increase the proportion of
polarized cells relative to ILK or RhoG alone, either because ILK and RhoG also
function through other, independent pathways and/or because other elements in
the RhoG–ILK complex (such as ELMO2) become limiting under the conditions
of these experiments. In contrast, expression of a mutant RhoG F37A incapable
of binding to ELMO2 (Katoh and Negishi, 2003) did not increase the fraction of
polarized cell (Figure 2.7D), consistent with the concept that ELMO proteins are
important contributors to the effects of RhoG on keratinocytes. Notably, RhoG
F37A abolished the ability of ILK to increase the proportion of polarized cells
(Figure 2.7D), indicating that RhoG is a major contributor of ILK-induced
keratinocyte polarization in response to laminin 332, likely through mechanisms
that involve RhoG interactions with ELMO2–ILK species.

2.4.7 ILK and ELMO2 Cooperate to Induce Directional Migration
The increases in lamellipodia formation and cell polarization induced by
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the joint expression of ILK and ELMO2 may produce stable leading edges that
would result in enhanced directional motility or, alternatively, highly dynamic
and/or multidirectional cell protrusions which would in fact hamper migration. To
distinguish between these two possibilities, we measured haptotactic migration in
keratinocytes exogenously expressing ILK–ELMO2. We transfected cells with
GFP-tagged ELMO2 and/or mCherry-tagged ILK and measured the ability of the
cells to migrate to the laminin 332–coated underside of Transwell tissue culture
inserts in the absence of any chemotactic factors. The presence of exogenous
ILK by itself increased 3.8-fold the number of keratinocytes that migrated through
the insert, whereas those cells only expressing ELMO2 showed 2.1-fold
increased migration that, however, failed to reach statistical significance (Figure
2.7E). Remarkably, exogenous expression of ILK with ELMO2 gave rise to a 11fold increase in the number of cells that migrated through the insert (Figure
2.7E). In contrast, and similar to their effect on ILK-induced cell polarization,
ELMO2 mutants 1-481 or 482-718 were incapable of increasing cell motility, and
keratinocytes expressing ILK and any one of these mutants did not exhibit
migration above levels observed with ILK only (Figure 2.7E). Together, these
studies indicate that ILK and ELMO2 synergistically promote directional
migration, possibly via pathways that involve enhanced formation of lamellipodia
and extracellular matrix interactions.

2.5 Discussion
Complex cellular processes depend on the coordinated actions of many
components, which can be achieved through scaffold proteins. Signaling
scaffolds are crucial to assemble multiprotein complexes that participate in
common and/or interlinked pathways. Integrin-linked kinase is a key scaffold that
binds to and coordinates specific interactions among a variety of signaling
proteins. In this manner, ILK is a central player in a variety of cell functions
related to attachment, spreading, and migration. We now expand this role of ILK
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to include a novel interaction with ELMO2, another important protein critical for
cell polarization and migration, as well as phagocytosis (Cote and Vuori, 2007;
Kinchen and Ravichandran, 2007).
The interaction between ILK and ELMO2 occurs in epithelial, endothelial,
and mesenchymal cell types, suggesting a general and important role. ILK
interacts with the N-terminus of ELMO2, but not with ELMO1. Although ELMO
family members are highly homologous, the region in ELMO2 that binds to ILK is
relatively less well conserved, potentially explaining the ability of ILK to
discriminate between ELMO1 and ELMO2 (Gumienny et al., 2001). Significantly,
this novel ILK–ELMO2 interaction has important potential implications vis-à-vis
specificity of ELMO1 and ELMO2 functions in mammalian cells, as it constitutes
the first major biochemical difference described between the two ELMO
homologues.
Another major finding of our study is the identification of ELMO2 as a
bridge between ILK and RhoG, directly linking RhoGTPases with ILK, and
demonstrating a novel relationship between the ILK and the ELMO signaling
platforms. ILK has been linked to Rac1 activation in various cell types (Liu et al.,
2005; Boulter et al., 2006; Nakrieko et al., 2008b), although it has yet to be
detected in Rac1-containing multiprotein complexes. Together, ILK and ELMO2
appear to fulfill a critical role as scaffolds linking Rac1 GTPase activators and,
possibly, effectors.
The interaction of ILK with ELMO2 and RhoG is a potential mechanism
that contributes to ILK localization to lamellipodia and Rac1 activation. Unlike
integrin-stimulated signaling, which is initiated from focal contacts, Rac1 is
activated in membrane-associated regions close to or at lamellipodial projections,
thus placing ILK–ELMO2–RhoG species at appropriate intracellular sites to
participate in Rac1 activation during cell polarization. Further, the ability of ILK–
ELMO2 to induce front-rear polarity is associated with increased directional
haptotactic migration, indicating a central role for this complex in forward cell
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movement. Indeed, we have observed ILK–ELMO2 complexes at the cell front in
migrating cells. An important future step will be to define the role of ILK–ELMO2
in other types of migration, such as those promoted by chemotactic factors.
ILK is a well-established constituent of focal adhesions, structures
composed of integrins, paxillin, focal adhesion kinase, and other proteins. We
observed that ELMO2 concentrates at sites of membrane extensions, but does
not colocalize with paxillin-containing focal contacts (Appendix 2). We have also
determined that the accumulation of ILK at lamellipodia does not exclude its
localization at focal contacts, especially at the rear of the cell, suggesting that
distinct ILK pools may be responsible for various cellular processes. ILK
localization to focal adhesions participates in cell adhesion and spreading. We
now show that ILK induction of cell polarization and migration also occurs
through its accumulation at lamellipodia, possibly through distinct signaling
pathways from those activated at focal contacts. Future experiments are needed
to establish the relationship between these two pools of ILK.
ILK deficiency results in impaired spreading, migration, and Rac1
activation in various cell types, likely through the inactivation of multiple
pathways. The fractional contribution of ILK–ELMO2–RhoG complexes to cell
spreading, polarization, and migration remains to be determined. The increased
cell polarization by ILK observed in the presence of exogenous ELMO2, together
with the abrogation of this effect by N- or C-terminal truncations of ELMO2
suggests that a major contributing complex to keratinocyte polarization induced
by laminin 332 is a species that contains ILK, RhoG and ELMO2. This is one of
several pathways functional in these cells, as direct Rac1 activation by Tiam1 in
response to laminin 332 has also been implicated in keratinocyte migration and
spreading in epidermal keratinocytes (Hamelers et al., 2005). The next key step
will be to define the factors and downstream effectors that interact with ILK in the
context of ILK–ELMO2–RhoG complexes and to determine how they modulate
cell polarity.
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Current models propose that active RhoG recruits ELMO bound to a Dock
family member to activate Rac1 (Hiramoto et al., 2006). Indeed, although ELMO1
mutants lacking the C-terminal half bind to RhoG, they do not bind Dock proteins
and hence cannot promote Rac1 activation at the plasma membrane and cell
migration (Grimsley et al., 2004). In the present studies, we have established that
exogenous expression of ILK on its own promotes cell polarization in response to
laminin 332 and that ELMO2 cooperates with ILK to further increase cell
polarization. Together, these observations suggest that ELMO2 may be
functioning as a scaffold that allows ILK to interact with and mediate activation of
downstream effectors involved in the development of cell polarity. Consistent with
this notion, expression of the C-terminal deletion mutants of ELMO2 was
sufficient to abrogate the capacity of ILK to promote cell polarization, in spite of
the inability of these mutants to bind to ILK. This suggests that a functional ILK–
ELMO2 cassette requires the ELMO2 C-terminus, possibly to bridge or facilitate
interaction with other proteins, which in turn could be regulated through ILK to
induce cell polarization.
Given that exogenous RhoG expression can induce ruffles and
lamellipodia and that RhoG can localize to the cell membrane in ILK-deficient
keratinocytes (Nakrieko et al., 2008b), it is unlikely that the role of ILK in this
complex is to bring RhoG–ELMO2 to the plasma membrane. Rather, ILK may be
targeted to the cell front by RhoG–ELMO2. This would allow ILK to serve as a
key scaffold to link other proteins to the RhoG–ELMO2 complex. The importance
of ELMO2 bridging RhoG and ILK is underlined by the observed interference of
RhoG F37A on ILK-induced cell polarization.
Although an intact kinase domain of ILK is not necessary for binding to
ELMO2, the possibility that it may be necessary to facilitate interactions with
other, still unidentified downstream effectors remains to be tested. Exogenous
expression of RhoG can rescue the spreading and protrusion defects of ILKdeficient keratinocytes (Nakrieko et al., 2008b). In some cell types, RhoG is not
essential for integrin-mediated cell spreading, but contributes to Rac1-dependent
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and -independent cell migration (Meller et al., 2008). RhoG may also be involved
in multiple Rac1-activation pathways, possibly related and unrelated to ILK. The
rescue of ILK-deficient keratinocyte spreading by RhoG may be due to
amplification of other, parallel ILK-independent pathways, including those that
involve other ELMO family members. Indeed, important implications of our
studies are that RhoG may participate in cell spreading and migration through
ILK-dependent pathways involving ELMO2 and through ILK-independent
pathways potentially involving other ELMO proteins. An additional key aspect of
future studies will be to determine whether ELMO2 modules signal exclusively
through ILK-containing complexes or through various other pathways.
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Chapter 3

Epidermal growth factor induction of front-rear polarity and migration in
keratinocytes is mediated by Integrin-linked kinase and ELMO21

1

A version of this chapter has been previously published

Ho, E. and Dagnino L. (2011). Epidermal Growth Factor Induction of Front-rear
Polarity and Migration in Keratinocytes is Mediated by Integrin-linked Kinase and
ELMO2. Mol. Biol. Cell 23, 492-502.
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3.1 Abstract
Epidermal growth factor (EGF) is a potent chemotactic and mitogenic factor
for epidermal keratinocytes, and these properties are central for normal epidermal
regeneration after injury. The involvement of mitogen-activated protein kinases as
mediators of the proliferative effects of EGF is well established. However, the
molecular mechanisms that mediate motogenic responses to this growth factor are
not clearly understood. An obligatory step for forward cell migration is the
development of front–rear polarity and formation of lamellipodia at the leading edge.
We show that stimulation of epidermal keratinocytes with EGF, but not with other
growth factors, induces development of front–rear polarity and directional migration
through a pathway that requires integrin-linked kinase (ILK), Engulfment and Cell
Motility-2 (ELMO2), integrin β1, and Rac1. Furthermore, EGF induction of front–rear
polarity and chemotaxis require the tyrosine kinase activity of the EGF receptor and
are mediated by complexes containing active RhoG, ELMO2, and ILK. Our findings
reveal a novel link between EGF receptor stimulation, ILK-containing complexes,
and activation of small Rho GTPases necessary for acquisition of front–rear polarity
and forward movement.

3.2 Introduction
The EGF receptor system is central for the development and post-natal
homeostasis of the epidermis. Activation of EGF receptor pathways is implicated in
normal epidermal renewal, regeneration after injury, modulation of immune
functions, and carcinogenesis (reviewed in Pastore et al., 2008). The activity of the
EGF receptor is modulated not only by direct binding of ligands such as EGF and
transforming growth factor-α, but also via ligand-independent mechanisms. In
particular, there is cooperativity between integrins and EGF receptors at sites of cell
adhesion (Cabodi et al., 2004). Indeed, the interaction of integrins with extracellular
matrix substrates at focal adhesions can trigger EGF-independent receptor
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signaling, and is necessary for a full response to EGF stimulation (Bill et al., 2004),
indicating the importance of cross-talk between these two types of transmembrane
proteins. EGF receptor ligands can function as strong stimuli to induce forward
movement in keratinocytes. In fact, TGF-α is the principal pro-migratory factor in
human serum during epidermal regeneration after wounding (Li et al., 2006).
Cell migration requires the development of front-rear polarity, which is
achieved in part through asymmetrical distribution of proteins that participate in the
assembly and disassembly of focal adhesions. These proteins include integrins,
paxillin, focal adhesion kinase and ILK (Welf and Haugh, 2011). ILK is a scaffold
protein involved in cell adhesion, migration, and survival, as well as in exocytosis
and mitotic spindle organization (Fielding et al., 2008; Nakrieko et al., 2008;
Wickstrom et al., 2010a; Wickstrom et al., 2010b). ILK also participates in the crosstalk between integrins and some receptor tyrosine kinases. For example, ILK can
associate with PINCH, which in turn binds Nck-2, bridging integrins with EGF or
PDGF receptor signalling events associated with cell survival (Hehlgans et al.,
2007). The development of front-rear polarity and forward cell movement also
requires remodeling of the actin cytoskeleton. Actin cytoskeletal dynamics are
modulated by the Rho family of small GTPases. During cell migration, lamellipodia
form at the cell front with the contribution of active RhoG and/or Rac1, whereas
RhoA participates in regulating changes at the rear of the cell (reviewed in Parsons
et al., 2010). Activation of Rho GTPases occurs in a specific spatio-temporal manner
following the formation of signaling complexes organized by scaffolding proteins,
such as ILK. Indeed, ILK can associate with the Rac1 activators α- and β-Pix
(Rosenberg et al., 2003; Qian et al., 2005; Boulter et al., 2006), and ILK deficiency
results in impaired formation of Rac1-GTP in various cell types (Liu et al., 2005;
Nakrieko et al., 2008).
In epidermal keratinocytes, ILK interacts with ELMO2 (Ho et al., 2009),
another scaffold protein that binds Dock family members to stimulate Rac1 activation
and cell motility (Gumienny et al., 2001; Katoh and Negishi, 2003; Katoh et al.,
2005). ELMO2 localizes to lamellipodia, and serves as a bridge between active
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RhoG and ILK (Ho et al., 2009). This multiprotein complex induces polarization of
cultured keratinocytes in response to integrin stimulation by laminin 332. Whether
other physiological signals modulate ILK/ELMO2 complexes, and what the roles of
these signals in epithelial cell biology are remains poorly understood. We now
demonstrate that ILK/ELMO2 complexes are recruited to sites containing active
RhoG during EGF receptor stimulation. We also identify Rac1 as a downstream
effector of this novel signalling pathway, and establish ILK and ELMO2 as key
components in the induction of front-rear polarity in keratinocytes in response to
EGF receptor activation.

3.3 Materials and Methods
3.3.1 Mouse strains, cell culture and transfections
The

mouse

strains used

were:

CD-1,

B6;129-Itgb1tm1Efu/J (Jackson

Laboratory stock No. 004605, Bar Harbor, ME, USA, hereafter termed Itgb1f/f),
in which loxP sites flanking exon 3 of the Itgb1 gene that encodes integrin β1
have been introduced (Raghavan et al., 2000)); Ilktm1Star, with engineered loxP sites
downstream from exons 4 and 12 of the Ilk gene (hereafter termed Ilkf/f; Terpstra et
al., 2003) and Rac1tm1.1Djk, with loxP sites flanking exon 1 of the Rac1 gene
(hereafter termed Rac1f/f; Glogauer et al., 2003).
Cultures of primary mouse keratinocytes isolated from 2-4 day old mice were
established and were transfected with PEI (1 mg/ml 25 kDa linear PEI, Cat. No.
23966, Polysciences Inc., Washingtin, PA, USA, pH 7.0) as described (Appendix 1;
Ho et al., 2009; Dagnino et al., 2010). Transfected cells were cultured for 24 h
prior to processing for microscopy or lysate preparation. The spontaneously
immortalized dermal fibroblast line IMDF (Apostolova et al., 2002) was cultured in
HyQ DMEM-RS (HyClone, Logan, UT) supplemented with 8% FBS.
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3.3.2 Antibodies and reagents
Antibodies and their sources are as follows: β1 integrin (MAB1997, Millipore,
Billerica, MA, USA), β-tubulin (E7, Developmental Studies Hybridoma Bank,
University of Iowa, Iowa, USA), ELMO2 (Cat#. sc21655, Santa Cruz Biotechnology,
Santa Cruz, CA, USA and Cat#. nb100-879, Novus Biologicals, Littleon, CO, USA),
FLAG-M2 (Sigma), GFP (Cat#. sc8334, Santa Cruz Biotechnology), Na+/K+-ATPase
(Cat#. ab7671, Abcam, Cambridge, MA, USA), Rac1 (Cat#. 610651, BD
Transduction Laboratories, Franklin Lakes, NJ, USA), V5 (Cat#. R96025, Invitrogen,
Grand Island, NY, USA). Epidermal growth factor (Cat#. E4127), AG-1478 and all
other chemicals were from Sigma (St. Louis, MO, USA). Transforming growth factorβ1 (Cat#. 100-21) and KGF (Cat#. 100-19) were purchased from Preprotech (Rocky
Hill, NJ, USA). Horseradish peroxidase-conjugated goat anti-mouse and goat antirabbit IgG were from Jackson ImmunoResearch Laboratories (West Grove, PA,
USA). AlexaFluor-conjugated goat anti-mouse IgG and AlexaFluorconjugated
phalloidin were purchased from Molecular Probes/Invitrogen (Eugene, OR, USA).
Protein A/G UltraLink resin was from Pierce Laboratories (Rockford, IL, USA).

3.3.3 Plasmids
Vectors encoding mCherry-tagged ILK with a C-terminal V5 epitope, FLAGand GFP-tagged ELMO2 and GFP-tagged RhoG have been described (Ho et al.,
2009). Plasmids encoding FLAG- and GFP-tagged ELMO2 mutants were generated
by site directed mutagenesis, based on the presence of conserved, important
residues in putative Armadillo repeats (Andrade et al., 2001; deBakker et al., 2004).
The sequences of the primers used for each ELMO2 mutant are summarized in
Appendix 12. The shRNA backbone vector, pLKO.1, was obtained from Addgene
(Cat#. 10878, Cambridge, MA, USA). A collection of vectors encoding ELMO2
shRNAs cloned in pLKO.1 was obtained from Openbiosystems (Cat#. RHS4533,
Waltham, MA, USA). The sequences for the ELMO2 and control, scrambled shRNAs
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are summarized in Appendix 13. The scrambled ELMO2 shRNA sequence was
derived from shRNA1, using siRNA Wizard 3.1 (Invitrogen), and was cloned into
pLKO.1. The shRNA vectors used also encode β-galactosidase under the control of
the PGK promoter. This modification was introduced by substituting puromycin
resistance cDNA sequences in pLKO.1 with a cDNA encoding β-galactosidase and
3’ bovine growth hormone poly-adenylation sequences.

3.3.4 Immunoblot analysis, cell fractionation and immunoprecipitation.
Protein lysates were prepared and analyzed as described (Appendix 1; Ho et
al.,

2009).

For

immunoprecipitation

experiments

with

whole

cell

lysates,

keratinocytes were harvested and lysed in Co-IP buffer (1% Triton X–100, 50mM
Tris-HCl pH 7.6, 150 mM NaCl, 5 mM NaF, 2 mM Na3VO4, 1 mM PMSF, 2 µg/ml
aprotinin, 2 µg/ml leupeptin, and 2 µg/ml pepstatin) for 10 min at 4° C. Cell debris
were removed by centrifugation and 1 mg of protein was pre-cleared with 10 µl
protein A/G UltraLink resin for 2 h at 4°C. Pre-cleared lysates were incubated with
antibodies indicated in individual experiments (16 h, 4°C). Immune complexes were
isolated by addition of protein A/G resin (30 min, 4°C), followed by denaturation by
boiling in Laemmli buffer. The proteins in the complexes were resolved by SDSPAGE; they were transferred to nitrocellulose membranes and were analyzed by
immunoblot. Cell lysates were fractionated using a Subcellular Fractionation Kit
(Cytoskeleton, Denver, Colorado, USA) following the manufacturer’s protocol.
Cytosolic and crude membrane fractions were resolved by SDS-PAGE, and
analyzed by immunoblot. Immunoprecipitation experiments using fractionated
extracts were conducted as described above, with 1 mg protein per sample. All
results shown are representative of at least four experiments.
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3.3.5 Adenovirus infections
Primary keratinocyte cultures were infected with adenovirus encoding Cre
recombinase (Ad-Cre) or β-galactosidase (Ad-βgal) at a MOI of 50, in Ca2+-free
EMEM supplemented with BSA (2.5%) as described (Appendix 1; Nakrieko et al.,
2008). Under these conditions, > 95% of the keratinocytes were infected without
detectable reduction in cell viability. In experiments involving adenoviral infection
followed by plasmid transfections, the latter were conducted either 48 h (for
Intb1f/f keratinocytes) or 24 h (for Ilkf/f or Rac1f/f cells) post-infection.

3.3.6 Stimulation by laminin 332 matrix and growth factors
For ECM stimulation, keratinocytes were briefly trypsinized 24 h following
transfection and were resuspended in FBS- and Ca+-free EMEM supplemented
with 2.5% BSA. The

cells

were

plated

onto

laminin

332

matrix-coated

coverslips (Appendix 1; Nakrieko et al., 2008), and were cultured for 3 h to allow
attachment and spreading, prior to processing for fluorescence microscopy
(Appendix 1; Ivanova et al., 2007). For growth factor stimulation experiments,
subconfluent cells cultured on laminin 332 matrix were transfected and, 24 h later,
the growth medium was replaced with FBS-, EGF- and Ca2+-free EMEM
supplemented with 2.5% BSA. Four hours later, cells were stimulated by addition
of EGF (10ng/ml, final), KGF (20ng/ml, final) or TGF-β1 (10ng/ml) for intervals
indicated in individual experiments. To inhibit EGF-receptor signaling, keratinocytes
were incubated in FBS-, EGF- and Ca2+-free EMEM containing AG1478 (30ng/ml,
final, Cat#. T4182, Sigma) for 4 h prior to stimulation with EGF.

3.3.7 Fluorescence and light microscopy
Twenty-four hours following transfection, keratinocytes were used for
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experiments indicated in individual figures, and were processed for epifluorescence
microscopy, as described (Appendix 1; Ivanova et al., 2007; Ho et al.,
2009). For experiments assessing polarization,

cells

were

fixed

in

4%

paraformaldehyde and stained with AlexaFluor-350-conjugated phalloidin. At least
100 cells/sample were scored. Fluorescence photomicrographs were obtained with a
Leica DMIRBE fluorescence microscope equipped with an Orca-ER digital camera
(Hamamatsu Photonics, Japan), using Volocity 4.3.2 software (Improvision, United
Kingdom). Light microscopy images were obtained with a Zeiss Axio Imager Z1
microscope equipped with a Zeiss AxioCam ICc 1 camera, using Axio Vision 4.6.3
software (Carl Zeiss, USA). All results shown are representative of at least three
experiments conducted with duplicate or triplicate samples.

3.3.8 Rac1 activation assays
Levels of Rac1-GTP were measured using a luminescence-based GLISA
Rac1 Activation Assay Biochem Kit (Cytoskeleton, Denver, CO, USA). Cells were
lysed following the manufacturer’s protocol, and 0.5 µg of lysate/sample were used.
Luminescence (440nm) was measured with a Safire2 Microplate Detection System.
Luminescence units in each sample were expressed after subtraction of the
background units measured in protein-free lysis buffer. Treatments were conducted
on duplicate samples and experiments were repeated at least three times.
Statistical significance was set to p<0.05 (ANOVA).

3.3.9 X-gal staining
Keratinocytes were transfected with vectors encoding β-galactosidase and
shRNAs. Forty-eight hours later, the cells were fixed in a solution containing 0.05%
glutaraldehyde, 0.1 M phosphate buffer pH 7.3, 0.02 M EGTA, and 2 mM MgCl2 for
20 min. After washing in Rinse buffer (0.1M phosphate buffer pH 7.3, 2 mM MgCl2,
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0.02% sodium deoxycholate, and 0.05% (v/v) NP-40), the cells were incubated at
room temperature in Stain solution (Rinse solution supplemented with 5 mM
K3Fe(CN)6, 5 mM K4Fe(CN)6, and 1 mg/ml Xgal) until a light blue colour developed.
Staining reactions were terminated with two 10-min washes with Rinse solution.

3.3.10 Cell migration assays
Primary keratinocytes cultured for two days in low-calcium medium (0.05 mM
CaCl2) were transfected with plasmids encoding mCherry/V5-tagged ILK and/or
GFPtagged ELMO2, as indicated in the experiment of Figure 3.1D. The cells were
cultured in growth medium for 24 h, trypsinized, washed with PBS, and resuspended
at 1.0 x 105 cells/ml in serum and growth-factor-free EMEM. A 500-μl aliquot of this
cell suspension was added to tissue culture inserts (Transwell

, 8-μm pore size;

TM

353097, BD Falcon, Franklin Lakes, NJ, USA). The test medium in the lower
chamber consisted of EMEM supplemented with either BSA (2.5%) or EGF (10
ng/ml). The cells were cultured at 37°C for 6 h. Cells in the upper chamber were
removed, and those keratinocytes that migrated through the membrane were fixed
with 4% freshly diluted paraformaldehyde and stained with Hoescht 33528 (10
μg/ml, Sigma). The number of GFP- and mCherry-double positive cells that migrated
through was determined by microscopic examination of the lower surface of the
insert, and normalized to the total number of GFP- and mCherry-double positive
cells that had been originally added to the upper chamber. In experiments with ILKdeficient cells, Ilkf/f keratinocytes were cultured for 2 days, and then incubated for 4-6
h in serum- and additive-free EMEM with Ad-βgal or Ad-Cre, added at a multiplicity
of infection of 50. The cells were then cultured in normal growth medium for 72 h, at
which time they were trypsinized and used in migration assays as described above.
Each experiment was conducted with duplicate samples.
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3.4 Results
3.4.1 ILK and ELMO2 cooperate to enhance EGF-induced polarization
In epidermal keratinocytes and other cell types, EGF, KGF, and TGF-β1 are
chemotactic stimuli that induce forward movement (Martin, 1997). As exogenous
expression of ILK and ELMO2 also induces front-rear polarity and migration in
these cells (Ho et al., 2009), we investigated if these proteins are involved in
growth factor-induced cell polarization. To this end, we initially assessed the effect of
EGF, KGF and TGF-β1 on keratinocyte polarization, using an assay we previously
developed (Ho et al., 2009). Subconfluent cultures were incubated in the presence
or absence of growth factors, and the fraction of cells that exhibited formation of
defined lamellipodia and front-rear polarity was scored at timed intervals after
growth factor addition. In the absence of growth factors, less than 0.2% of the cells
became polarized within a 2-min interval following addition of vehicle (Figure
3.1A). In contrast, the presence of EGF induced an 18-fold increase in the
fraction of polarized cells under these conditions (Figure 3.1A).
Although KGF and TGF-β1 can induce keratinocyte migration, they did
not cause statistically significant changes in the fraction of polarized cells within
the short time frame of these assays (Figure 3.1A), suggesting that different growth
factors may induce formation of front-rear polarity with different kinetics and/or by
different mechanisms.
We next determined whether ILK and/or ELMO2 modulated EGF induction
of cell polarization. Cultured keratinocytes exogenously expressing mCherry/V5tagged ILK and/or GFP-tagged ELMO2 were incubated in the presence or absence
of EGF, as above. The fraction of transfected cells that had attached, but not
spread (“round”), that had attached and spread (“spread”), and that attached and
developed front-rear polarity (“polarized”, Figure 3.1B) was determined (Ho et al.,
2009). In the absence or presence of EGF, polarized cells expressing control
mCherry and GFP constituted, respectively, about 0.2% or 3.0% of the cell

177

Figure 3.1. Effect of ILK and ELMO2 on EGF-induced polarization. (A)
Keratinocytes were incubated in FBS- and growth factor-free medium for 4 h,
followed by stimulation with growth factors for the indicated periods. The graph
represents the fraction of polarized cells expressed as a percentage of the total cell
population. Results are expressed as the mean + SEM (n=3). The asterisk indicates
P<0.05, relative to vehicle-treated cells (ANOVA). (B) Keratinocytes were
transfected with vectors encoding mCherry/V5-tagged ILK and GFP-tagged ELMO2.
Twenty-four hours after transfection, cells were incubated in FBS- and growth factorfree medium for 4 h, followed by stimulation with EGF (10 ng/ml) for 2 min. The cells
were then processed for fluorescence microscopy, to visualize and quantify round,
spread and polarized cells. Arrows indicate cell edges with co-localization of
exogenous ILK and ELMO2. Bar, 50 µm. (C) Cells were transfected as in (B), and
the abundance of polarized keratinocytes expressing the indicated exogenous
proteins and treated with EGF (black bars) or vehicle (white bars) for 2 min was
determined. The (-) symbols indicate that cells were transfected with vectors
encoding mCherry and/or GFP, in place of mCherry/V5-ILK and/or GFP-ELMO2,
respectively. The results are expressed as the mean + SEM (n=3). Asterisks indicate
P<0.05 relative to cells stimulated with vehicle. # indicates P<0.05 relative to EGFtreated cells transfected with vectors encoding mCherry and GFP (ANOVA). (D)
Cells were transfected as in (C), and 24 h later were trypsinized and used to
measure EGF-induced chemotactic migration through Transwell™ inserts, as
described in Supplemental Materials and Methods. The fraction of keratinocytes
expressing the indicated exogenous proteins that migrated over 6 h was determined.
The results are expressed relative to the fraction of cells expressing mCherry and
GFP that migrated in the absence of EGF (white bars), which has been set to 1. The
data are represented as the mean + SEM (n=3). Asterisks indicate P<0.05 relative to
cells stimulated with vehicle. # indicates P<0.05 relative to EGF-treated cells
transfected with vectors encoding GFP and mCherry (ANOVA). The EGF-treated
cell fractions are represented by black bars.
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population, similar to values in untransfected cells (Figure 3.1C). EGF stimulation of
cells expressing exogenous ILK did not further increase the fraction of polarized
cells. In contrast, ~ 8% of cells expressing exogenous ELMO2 and ~ 12% of cells
expressing both ILK and ELMO2 showed polarization in response to EGF (Figure
3.1C). Notably, the proportion of polarized cells expressing exogenous ILK and/or
ELMO2 in the presence of KGF or TGF-β1 did not show significant changes
relative to vehicle-treated keratinocytes (Appendix 3). Thus, ILK and ELMO2
appear to cooperate to enhance EGF-induced keratinocyte polarization. As
development of front-rear polarity and EGF stimulation are associated with
keratinocyte migration (Russell et al., 2003), we also investigated if exogenous
expression of ILK and/or ELMO2 had analogous enhancing effects on chemotactic
migration towards EGF. Similar to its effects on cell polarity, the fraction of cells
that exhibited chemotactic motility towards EGF was ~ 4-fold greater in the
population that exogenously expressed both ILK and ELMO2, relative to those
cells expressing control vectors (Figure 3.1D).

3.4.2 Role of RhoG in recruitment of ILK/ELMO2 complexes to the plasma
membrane
Using purified, bacterially produced proteins, we previously showed that
ELMO2 serves as a bridge between ILK and active RhoG. Further, activation of
RhoG in keratinocytes is sufficient for localization of ELMO2 and ILK to
lamellipodia formed in response to laminin 332 (Ho et al., 2009). However,
whether RhoG/ELMO2/ILK complexes formation and localization to the plasma
membrane in live cells requires the presence of EGF is unknown. To address
this

issue,

we

analyzed

complexes containing

exogenously

expressed

mCherry/V5-tagged ILK and FLAG-tagged ELMO2 in keratinocytes cultured in
the presence or absence of exogenous EGF. We found ELMO2 in ILK
immunoprecipitates, from both the cytosolic and the membrane fractions,
irrespective of whether this growth factor had been included in the culture medium
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(Figure 3.2B). We then investigated the ability of ILK and ELMO2 to form complexes
with the RhoG proteins schematically shown in Figure 3.2A. Exogenously
expressed ELMO2 associated with wild type RhoG, as well as with the
constitutively active mutant Q61L (Appendix 4A), both of which efficiently localize to
lamellipodia (Grimsley et al., 2006; Ho et al., 2009). In contrast, ELMO2 did not
interact with RhoG F37A, a mutant that localizes to the plasma membrane, but
does not interact with ELMO2 (Appendix 4A; Katoh and Negishi, 2003; Santy et al.,
2005; Hiramoto et al., 2006). Further, wild type and Q61L RhoG, but not the F37A
mutant, were found in ILK immunoprecipitates, demonstrating that the interaction
between RhoG and ELMO2 is necessary for ILK association with RhoG-containing
complexes (Appendix 4B).
We also examined the effects of expressing wild type and mutant RhoG
proteins on ILK/ELMO2 complexes. To this end, we analyzed the cytosolic and
membrane fractions of keratinocytes cultured with exogenous EGF (10 ng/ml;
Figure 3.2B) and transfected with vectors encoding ILK, ELMO2 and RhoG
proteins. ELMO2 was present in cytoplasmic ILK immunoprecipitates, irrespective
of the presence of wild type, Q61L or F37A RhoG. ELMO2/ILK species were also
relatively abundant in membrane fractions from cells co-expressing wild type or
Q61L RhoG (Figure 3.2B). ELMO2/ILK species were detected in membrane
fractions from cells that had not been transfected with any RhoG-encoding vectors,
although at somewhat reduced levels, likely due to their interaction with
endogenous RhoG (Figure 3.2B). Significantly, membrane-associated ELMO2/ILK
levels in cells expressing RhoG F37A were similar to those observed in cells not
transfected with RhoG-encoding vectors. The presence of these complexes may
result from interactions with endogenous RhoG in cells that did not express the
F37A mutant, as only about 30% of cells expressing mCherry/V5-ILK and FLAGELMO2 also expressed any of the RhoG proteins examined. Together, these
observations are consistent with the notion that ILK/ELMO2 complexes can exist
both in the membrane and in the cytoplasmic fractions, independent of the
presence of exogenous EGF. Keratinocytes deposit laminin 332 matrix, which can
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Figure 3.2. Role of RhoG in formation and subcellular distribution of
ILK/ELMO2 complexes. (A) Schematic of RhoG proteins used in transient
transfections. Arrowheads indicate the position of mutated residues.

(B)

Keratinocytes were transiently transfected with vectors encoding FLAG-tagged
ELMO2 and mCherry/V5-tagged ILK. Where indicated, vectors encoding GFP or
GFP-tagged RhoG proteins were also included. After 4 h of incubation with the
transfection reagents, the medium was replaced with serum-free medium lacking (-)
or containing 10 ng/ml EGF (+). Twenty-four hours later, cell lysates were prepared
and the membrane and cytosolic fractions were subjected to immunoprecipitation
using anti-V5 antibodies, or an unrelated mouse IgG, as indicated. The
immunecomplexes were analyzed by immunoblot with anti-V5 or anti-FLAG
antibodies. Lysate samples were also analyzed by immunoblot with the indicated
antibodies to verify fractionation. (C) Primary mouse keratinocytes were transfected
with vectors encoding WT or F37A GFP-tagged RhoG proteins and either FLAGtagged ELMO2 or mCherry/V5-tagged ILK, as indicated. Twenty-four hours after
transfection, cells were trypsinized and replated onto a laminin 332 matrix. The cells
were processed for microscopy 3 h after replating. Exogenous ELMO2 was
visualized using anti-FLAG antibodies. RhoG and ILK were visualized using,
respectively, GFP and mCherry fluorescence. Protrusions in boxed areas contain
RhoG F37A, but not ELMO2 or ILK, and are shown in the insets at higher
magnification. Bar, 20 µm.
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support ELMO2/ILK localization to lamellipodia, and also express several EGF
receptor agonists, including HB-EGF and TGF-α (Hashimoto, 2000). The recruitment
of ELMO2/ILK complexes to the membrane in cells cultured in the absence of
exogenous EGF may result from autocrine and/or paracrine stimulation by one or
more of these proteins.
To complement these studies, we next examined the subcellular localization
of exogenously expressed ELMO2 and ILK in the presence of RhoG proteins by
fluorescence microscopy. Consistent with our biochemical analyses, ELMO2 and ILK
were found at cell protrusions in cells expressing wild type or Q61L RhoG, but not
in extensions where RhoG F37A was localized (Figure 3.2C, Appendix 5).

3.4.3 Contribution of RhoG/ELMO2/ILK complexes to EGF induction of cell
polarity
RhoG activation subsequent to integrin stimulation by laminin 332 matrix
promotes localization of ILK/ELMO2 complexes to the leading edge of keratinocytes
(Ho et al., 2009). In addition, EGF activates RhoG in certain cell types (Katoh and
Negishi, 2003; Hiramoto-Yamaki et al., 2010). These observations prompted us to
examine whether formation of RhoG/ELMO2/ILK complexes is involved in EGF
induction of keratinocyte polarity.
The N-terminus of ELMO2 mediates binding to both ILK and RhoG (Ho et al.,
2009). Several putative ARM repeats, important for protein-protein interactions,
have also been identified in silico in this region of ELMO2 (deBakker et al., 2004).
We first investigated which of the ARM motifs, if any, are involved in the interactions
of ELMO2 with ILK. To this end, we generated FLAG-tagged ELMO2 proteins with
point mutations in residues known to be critical for ARM repeat organization (Figure
3.3A), and examined their ability to interact with ILK. ELMO2 G72A and L156S, with
mutations that disrupt the second and third ARM repeat, respectively, could not
associate with ILK (Figure 3.3B). In contrast, mutations that disrupted the first
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Figure 3.3. RhoG/ELMO2/ILK complexes mediate EGF-induced keratinocyte
polarization. (A) Schematic of the ELMO2 mutants used. Arrowheads indicate the
position of mutated residues. A, ARM repeat; PH: pleckstrin homology domain;
PxxP: proline-rich region. (B) Lysates from IMDF cells exogenously expressing
mCherry/V5-tagged ILK together with FLAG-tagged ELMO2 proteins were used in
immunoprecipitation

assays

with

anti-FLAG

antibodies.

FLAG-ELMO2

immunecomplexes were resolved by SDS-PAGE and analyzed by immunoblot with
anti-V5 antibodies to assess presence of ILK. The lysates were also analyzed by
immunoblot with anti-FLAG or anti-V5 antibodies, as indicated. (C) Lysates from
IMDF cells exogenously expressing GFP-tagged RhoG together with FLAG-tagged
ELMO2 proteins were used in immunoprecipitation assays with anti-FLAG
antibodies. FLAG-ELMO2 immune complexes were resolved by SDS-PAGE and
analyzed by immunoblot with anti-GFP antibodies to assess presence of RhoG. The
lysates were also analyzed by immunoblot with anti-FLAG or anti-GFP antibodies,
as indicated. (D) Keratinocytes were transfected with vectors encoding mCherry/V5tagged ILK and the indicated GFP-tagged ELMO2 protein. Twenty-four hours after
transfection, the cells were briefly trypsinized, re-plated onto a laminin 332 substrate,
and allowed to adhere for 3 h, prior to processing for direct fluorescence microscopy.
Arrows indicate cell protrusions containing ILK and ELMO2.

Bar, 20 µm. (E)

Keratinocytes were transfected with vectors encoding the indicated proteins, as in
(D). Twenty-four hours after transfection, the cells were incubated in FBS- and EGFfree medium for 4 h, followed by stimulation with EGF or vehicle for 2 min. The cells
were processed for fluorescence microscopy to assess the fraction of polarized
keratinocytes. The results are expressed as the mean + SEM (n= 3). Where bars
corresponding to vehicle-treated cells are absent, the fraction of polarized cells was
<0.05%. Asterisks indicate P<0.05 relative to the corresponding vehicle-treated
sample (ANOVA).

188

A

B

C

189

D

190

E

191
(ELMO2 I12S) or fourth (ELMO2 G218A) ARM repeat were without effect (Figure
3.3B). We also used these ELMO2 proteins to map the regions involved in binding
to RhoG. We found that ELMO2 I12S and G72A, which contain mutations in the first
and second ARM motif, respectively, did not associate to any significant degree
with RhoG (Figure 3.3C). However, ELMO2 L156S or G218A bound to RhoG. In
the conditions of our experiments, we did not observe substantial, consistent
differences between the apparent ability of wild type ELMO2 and ELMO2 L156S or
G218A to bind RhoG. Thus, ELMO2 interaction with ILK requires its second and
third ARM repeats, whereas its association with RhoG requires its first and second
ARM repeats. Further, and in contrast with exogenously expressed wild type
ELMO2, the mutants I12S and G72A did not localize to lamellipodial extensions in
polarized keratinocytes stimulated with laminin 332 (Figure 3.3D and Appendix 6).
In these cells, exogenously expressed mCherry/V5-tagged ILK was not found at
lamellipodia either. In contrast, ELMO2 L156S or G218A were found at cell
protrusions, indicating that ELMO2 association with RhoG, but not with ILK, is
necessary for ELMO2 movement to cell extensions (Figure 3.3D and Appendix 6).
ILK localized to cell edges only in the presence of ELMO2 G218A, but not
L156S. Together, these observations indicate that interactions with RhoG are
necessary to promote movement of ILK/ELMO2 species to cell protrusions in
polarized keratinocytes.
Following the identification of critical residues in ELMO2 that allowed us to
distinguish its interactions with RhoG from those with ILK, we investigated if
RhoG/ELMO2/ILK species are implicated in induction of cell polarization by EGF.
Exogenous ILK and ELMO2 proteins were expressed in these cells, and the fraction
of keratinocytes that acquired front-rear polarity upon stimulation by EGF was
scored. Expression of ILK together with wild type or G218A ELMO2 resulted in
eight- to ten-fold increases in the fraction of polarized cells in respose to EGF
(Figure 3.3E). In contrast, no significant increase in polarized cell numbers were
observed in EGF-treated cells co-expressing ILK with ELMO2 I12S, G72A or L156S
(Figure 3.3E). Thus, EGF induction of cell polarity appears to be mediated via
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RhoG/ELMO2/ILK complexes.

3.4.4 EGF receptor kinase activity and induction of cell polarization
We next asked if signaling through the EGF receptor tyrosine kinase is
necessary for ILK/ELMO2 induction of cell polarization. To address this issue, we
used keratinocytes expressing exogenous ILK and/or ELMO2. The cells were
incubated in FBS and EGF-free medium for 4 hours in the presence of the EGF
receptor inhibitor AG1478 (2ng/ml, final), followed by addition of EGF. In agreement
with previous results, exogenous ILK/ELMO2 increased the fraction of polarized
cells observed in the presence of EGF, but this effect was abrogated by AG1478
(Figure 3.4 and Appendix 7). We also observed decreased spreading in AG1478treated cells (Figure 3.4), suggesting that EGF receptor activity may play other roles
in keratinocytes, in addition to polarization via ILK/ELMO2.

3.4.5 ILK and ELMO2 are required for EGF induction of keratinocyte
polarization
To assess the importance of endogenous ILK in induction of cell polarization
by EGF, we analyzed the effect of EGF stimulation on ILK-deficient keratinocytes.
To this end, we isolated cells from Ilkf/f mice, which contain Ilk alleles that can
be inactivated by expression of Cre recombinase (Nakrieko et al., 2008). ILK
protein in cells infected by Cre-encoding adenoviruses is undetectable by 72 h postinfection (Figure 3.5A). We first tested the ability of keratinocytes to migrate
chemotactically towards EGF in modified Boyden chamber assays, and observed
that this growth factor induced a 6-fold increase in the fraction of ILK-expressing
cells that migrated. In contrast, ILK-deficient keratinocytes showed negligible
migration, irrespective of whether or not EGF was present as a chemotactic
stimulus (Figure 3.5A). Furthermore, ILK-deficient cells exhibited defective spreading

193

Figure 3.4. EGF receptor tyrosine kinase activity is necessary for EGF-induced
polarization. (A) Keratinocytes were transfected with vectors encoding mCherry/V5tagged ILK and GFP-tagged ELMO2. Twenty-four hours after transfection, the cells
were incubated in FBS- and EGF-free medium for 4 h, but in the presence of
AG1478 or DMSO (0.1%; vehicle control). The cells were then stimulated with EGF
for 2 min, and processed for fluorescence microscopy. Arrowheads indicate cell
protrusions in which ILK and ELMO2 co-localize. Bar, 20 µm. (B) Quantification of
polarized cells treated as described in (A). The results are expressed as the mean +
SEM (n= 3). Where bars corresponding to vehicle-treated cells are absent, the
fraction of polarized cells was <0.05%. Asterisks indicate P<0.05 relative to DMSOtreated cells (ANOVA).
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Figure 3.5. Requirement for ILK and ELMO2 in EGF-induced polarization. (A)
Ilkf/f keratinocytes were infected with adenovirus encoding Cre recombinase (AdCre). Cell lysates were prepared at the indicated times after infection, resolved by
SDS-PAGE and analysed by immunoblot with antibodies against endogenous ILK
and F-actin (as loading control). Replicate cultures were infected with Ad-Cre or
adenoviruses encoding β-galactosidase (Ad-βgal), and 72 h post-infection were
trypsinized and used to measure EGF-induced chemotactic migration through
Transwell™ inserts, as described in Supplemental Materials and Methods. The
fraction of keratinocytes that migrated through the inserts over 6 h was determined.
The results are expressed relative to the fraction of cells infected with Ad-βgal that
migrated in the absence of EGF, which has been set to 1. The data represent the
mean + SEM (n= 3). Asterisks indicate P<0.05 relative to Ad-βgal-infected cells
stimulated with vehicle (ANOVA). (B) Ilkf/f keratinocytes were infected with Ad-Cre or
Ad-βgal. Twenty-four hours after infection, cells were co-transfected with vectors
encoding mCherry/V5-tagged ILK and/or GFP-tagged ELMO2. Twenty-four hours
after transfection, cells were incubated in FBS- and EGF-free medium for 4 h,
followed by stimulation with EGF for 2 min. The cells were processed for
fluorescence microscopy, and the fraction of polarized cells was scored. Negative
signs indicate cells that were transfected with vectors encoding only GFP- and/or
mCherry. Results are expressed as the mean + SEM (n= 5). Asterisks indicate
P<0.05 relative to cells infected with Ad-βgal (ANOVA). (C) Keratinocytes were
transiently transfected with vectors encoding mCherry/V5-tagged ILK and either
FLAG-tagged ELMO2, or with plasmids encoding control or ELMO2 shRNA
sequences. Cell extracts were isolated 48 h after transfection, resolved by SDSPAGE and analysed by immunoblot with antibodies against exogenous ILK,
endogenous ELMO2 (except for the sample transfected with ELMO2-encoding
vectors, which shows the total levels of exogenous pus endogenous proteins) or βtubulin, used as protein loading control. v, vector only, sc, scrambled shRNA. The
numbers indicate shRNA1, 2 or 3. (D) Cells transfected with shRNA-encoding
vectors, as in (C), were incubated in FBS- and EGF-free medium for 4 h, followed by
stimulation with EGF for 2 min. The cells were processed for fluorescence
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microscopy, and the fraction of polarized cells was scored. Results are expressed as
the mean + SEM (n=3). Where bars are absent, the fraction of polarized cells was <
0.05%. Asterisks indicate P<0.05 relative to cells treated with vehicle (ANOVA).
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and did not show polarization or formation of cell extensions upon stimulation by
EGF (Figure 3.5B and Appendix 8). This behaviour contrasted with the increased
proportion

of

polarized

cells

observed

in

control

ILK-expressing cultures

infected with a β-galactosidase-encoding adenovirus (Ad- βgal) upon treatment with
this growth factor (Figure 3.5B and Appendix 8). The presence of exogenously
expressed human ILK in ILK-deficient mouse keratinocytes restored the ability of
the cells to polarize in response to EGF, and the fraction of polarized ILK-deficient
cells exogenously expressing both ILK and ELMO2 was ~ 80% of that found in
Ad- βgal-infected cells expressing those two proteins (Figure 3.5B and Appendix
8). Of note, transient transfection of ILK-deficient keratinocytes with a vector
encoding ELMO2 was not sufficient to restore EGF-induced polarization (Figure
3.5B), indicating not only that ILK is a necessary component in this process, but
also that increased polarization induced by exogenous ELMO2 occurs mainly, if not
exclusively, through ILK-dependent mechanisms.
We also investigated if ELMO2 is required for EGF induction of cell
polarization. For these studies, we first screened three different shRNA sequences
directed to the mouse ELMO2 mRNA for their ability to reduce ELMO2 protein
levels in keratinocytes. Transient transfection of vectors encoding these shRNAs,
but not vectors containing control sequences, substantially reduced the levels of
total ELMO2 protein 48 h following transfection (Figure 3.5D). In the absence of
EGF, ELMO2-deficient cells remained attached and spread, and did not show any
appreciable differences from ELMO2-expressing cells (Appendix 9). However, and
similar to ILK-deficient keratinocytes, knockdown of ELMO2 prevented induction of
cell polarization by EGF (Figure 3.5C and Appendix 9). Together, these results
indicate that ILK and ELMO2 are obligatory downstream effectors of EGF receptor
stimulation of keratinocyte polarization.
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3.4.6 Rac1

mediates

EGF

induction

of

polarization

via

ILK/ELMO2

complexes
Rac1 activation plays key roles in formation of lamellipodia and development
of front-rear polarity (Parri and Chiarugi, 2010). In addition, EGF stimulation, as well
as ILK- and ELMO2-containing complexes can participate in Rac1 activation in
various cell types (Ho et al., 2009; Hiramoto-Yamaki et al., 2010; Samson et al.,
2010). Consequently, we examined whether ILK/ELMO2 species can modulate
EGF-induced Rac1 activation in epidermal keratinocytes.
Treatment of keratinocytes with EGF resulted in Rac1 activation within 30 sec,
and peaked at 1 min, as measured by increases in Rac1-GTP levels in cell lysates
(Figure 3.6A). Exogenous expression of ILK and/or ELMO2 significantly enhanced
EGF-induced Rac1 activation over the same period (Figure 3.6A and B). Increases
in Rac1-GTP levels depended on EGF stimulation, as they did not appreciably
change in vehicle-treated cells, irrespective of the presence or absence of
exogenous ILK and/or ELMO2 (Figure 3.6A and B). Thus, ILK/ELMO2 promote
Rac1 activation in response to EGF.
The EGF-induced activation of Rac1 in cells exogenously expressing ILK
and

ELMO2

suggests Rac1 may mediate ILK/ELMO2 modulation of cell

polarization. To address this issue, we used Rac1f/f keratinocytes.

Ad-Cre

treatment of these cells resulted in Rac1 gene inactivation, followed by
decreases of

> 90% in Rac1 protein levels by 48 h following infection, which

were associated with defective cell spreading (Figure 3.6C). Treatment of Rac1deficient keratinocytes with EGF did not result in formation of polarized cells with
broad lamellipodia, irrespective of whether or not exogenous ILK and ELMO2 were
expressed in these cultures (Figure 3.6D and Appendix 10). Rather, EGF induced
formation of short, small cell protrusions to which exogenous ILK and ELMO2
localized. We conclude that induction of lamellipodial extensions associated with
cell polarization by ILK/ELMO2 upon EGF receptor stimulation is dependent on
Rac1 activation, and that Rac1 is not necessary to recruit ILK/ELMO2 to cell
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Figure 3.6. Role of Rac1 in EGF- and ILK/ELMO2-induced polarization. (A)
Keratinocytes were transfected with vectors encoding the indicated proteins and, 24
h later, were incubated in FBS- and EGF-free medium for 4 h. The cells were then
stimulated with EGF or vehicle for the indicated times. Cell lysates were prepared
and levels of active Rac1 (Rac1-GTP) were determined. The data are expressed
relative to Rac1-GTP levels in samples transfected with GFP- and mCherryencoding plasmids (“Vectors”) in the absence of EGF, and collected at t= 0, which
has been set to 1. Bars represent average + SEM (n= 3), and asterisks indicate
p<0.05 relative to vehicle-treated cells transfected with “Vectors” (ANOVA). (B)
Samples of the cell lysates used for (A) and collected after 2 min of EGF treatment
were resolved by SDS-PAGE and immunoblotted using the indicated antibodies. (C)
Rac1f/f keratinocytes were infected with Ad-β-gal or Ad-Cre. Cell extracts were
prepared at the indicated times after infection, resolved by SDS-PAGE and analysed
by immunoblot with antibodies against Rac1 or β-tubulin. (D) Rac1f/f keratinocytes
were infected with Ad-Cre or Ad-βgal. Twenty-four hours after infection, cells were
co-transfected with vectors encoding mCherry and GFP (negative signs) or
mCherry/V5-tagged ILK, as well as GFP-tagged ELMO2. Twenty-four hours after
transfection, cells were incubated in FBS- and EGF-free medium for 4 h, followed by
stimulation with EGF (10 ng/ml) for 2 min. The cells were processed for fluorescence
microscopy, and the fraction of polarized cells was scored. Results are expressed
as the mean + SEM (n= 3). Asterisks indicate P<0.05 relative to cells infected with
Ad-βgal (ANOVA).
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protrusions.

3.4.7 Requirement for β1 integrins in EGF-induced polarization modulated by
ILK/ELMO2
Growth factor receptors can activate multiple signaling pathways, some of
which involve crosstalk with integrins. The latter can modulate responses to growth
factors by regulating both receptor trafficking and/or signalling. Indeed, in several
adherent cell types, β1

integrins and EGF receptors act cooperatively to

promote adhesion, spreading, development of front-rear polarity and migration in
response to EGF (Caswell et al., 2008). The existence of this crosstalk, together with
the known role of ILK in mediating some of the responses to β1 integrin
stimulation, prompted us to investigate if β1 integrins are

necessary for

lamellipodia formation and cell polarization in response to EGF. We isolated and
cultured primary keratinocytes from Intb1f/f mice and infected them with AdCre.
We observed that, by 48 h and 72 h following infection, integrin β1 protein
levels had decreased, respectively, by about 50% and 90% (Figure 3.7A). Within
the time frame of this experiment, integrin β1- deficient keratinocytes remained
attached to the laminin 332 matrix these cells normally produce, likely through α6β4
integrins. However, treatment of these cells with EGF failed to trigger substantial
formation of broad lamellipodia and front-rear polarity. This defect was not
corrected by exogenous expression of ILK and/or ELMO2 (Figure 3.7B), although
these two proteins co-localized at those cell protrusions that were rarely observed
in integrin β1-deficient keratinocytes (Appendix 11). Together, these observations
are consistent with the concept that β1 integrins and EGF receptors coordinately
function to engage ILK/ELMO2 species and to activate Rac1 to promote cell
polarization.
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Figure 3.7.

Integrin β1 is required for EGF- and ILK/ELMO2-induced

polarization. (A) Intb1f/f keratinocytes were infected with Ad-Cre.

Cell lysates

prepared at the indicated times after infection, were resolved by SDS-PAGE and
analysed by immunoblot analysis with antibodies against integrin β1 or β-tubulin. (B)
Intb1f/f keratinocytes were infected with Ad-Cre or Ad-βgal and 48 h later, were
transfected with vectors encoding mCherry/V5-tagged ILK and/or GFP-tagged
ELMO2. Twenty-four hours after transfection, the cells were incubated for 4 h in
FBS- and EGF-free medium, followed by EGF stimulation for 2 min. Keratinocytes
were then processed for fluorescence microscopy to score the fraction of polarized
cells, shown in the graph. Results are expressed as the mean + SEM (n= 3).
Negative signs indicate cells transfected with vectors encoding mCherry and GFP.
Asterisks indicate P<0.05 relative to cells infected with Ad-βgal (ANOVA).
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3.5 Discussion
In this study, we have identified EGF as a physiological signal that induces
recruitment of RhoG, ELMO2 and ILK to the plasma membrane, to induce formation
of lamellipodia and keratinocyte polarization, which also results in forward
migration. In these cells, there appears to be a degree of selectivity in the
mechanisms that couple EGF signaling with ILK/ELMO2 species. This is evidenced
by the inability of exogenous ILK/ELMO2 to enhance cell polarization in response
to stimulation by other growth factors, such as TGF-β1 and KGF. These
observations are in keeping with the reported activation of multiple guaninenucleotide exchange factors that stimulate RhoG in response to EGF, but not to
other growth factors (Samson et al., 2010). Of note, EGF receptor stimulation
has also been shown to induce activation of the EphA2 receptor tyrosine kinase,
which in turn recruits RhoG/ELMO2 to promote migration of mammary carcinoma
cells (Hiramoto-Yamaki et al., 2010). Whether ILK is a component of the
EphA2/RhoG/ELMO2 complexes in breast carcinoma cells remains to be
investigated, but could potentially place ILK as a key therapeutic target. Similarly,
the possible involvement of EphA2 in EGF-induction of keratinocyte polarization
remains to be investigated.
Although ILK has been implicated in various growth factor signalling
pathways (Hehlgans et al., 2007), the direct involvement of ILK in EGF induction of
cell polarization and forward movement is a novel function for this scaffold protein.
ELMO2 has recently been reported to be a key player in EGF induced membrane
ruffling and polarization (Hiramoto-Yamaki et al., 2010) and our findings provide
evidence for a link between ILK and ELMO2 in EGF induced cell polarization.
Significantly, the formation of ILK/ELMO2 complexes can occur in the absence of
EGF receptor stimulation (Ho et al., 2009). Whether EGF receptor tyrosine kinase
activity is sufficient for recruitment of this complex to the plasma membrane and/or
subsequent downstream events remains to be established. EGF receptor stimulation
can rapidly activate RhoG, allowing it to interact with ELMO2 at the plasma
membrane (Katoh and Negishi, 2003; Hiramoto-Yamaki et al., 2010). Significantly,
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and as shown in the present study, expression of RhoG F37A, which does not
interact with ELMO2 and inhibits cell polarization and migration, does not interfere
with ILK/ELMO2 association in cytoplasmic fractions. This suggests that RhoG
activation downstream from EGF may serve to recruit ILK/ELMO2 to the plasma
membrane, rather than to catalyze the association between those two proteins.
ILK and ELMO2 have been independently implicated in regulation of Rac1
activity: the former, in complexes that contain α- or β-Pix, and the latter as a direct
guanine-exchange factor when bound to Dock proteins (Katoh and Negishi, 2003;
Ho et al., 2009; Hiramoto-Yamaki et al., 2010). In our studies, Rac1 gene
inactivation inhibits EGF-induced polarization. We have observed similar effects
upon expression of an ELMO2 deletion mutant incapable of interacting with Dock
proteins, suggesting that Rac1 may be activated directly downstream of
ILK/ELMO2, potentially by ILK/ELMO2/Dock complexes. ELMO2/ILK may also
serve as a hub to recruit other Rac1-activating proteins to induce formation of cell
extensions and forward movement. How exactly Rac1 is activated downstream from
ILK/ELMO2 remains to be determined.
Targeted inactivation of the Ilk gene in epidermal keratinocytes severely
affects their ability to spread, acquire front-rear polarity and migrate (Lorenz et al.,
2007; Nakrieko et al., 2008), emphasizing the importance of ILK for cell motion.
Similarly, keratinocytes treated with ELMO2 shRNAs showed impaired ability to
polarize in response to EGF, although they did not exhibit detectable defects in cell
adhesion or spreading. These observations are consistent with the proposal that
ELMO2 plays a minor role, if any, in keratinocyte attachment and spreading onto
laminin 332, but is a key component of cell polarization in response to EGF.
Alternatively, in the absence of ELMO2, ELMO1 may mediate some of these
functions. Phenotypic redundancy between these two ELMO proteins has been
suggested to occur in ELMO1-null mice (Elliott et al., 2010).
The existence of cross-talk mechanisms between integrins and growth factor
receptors is well established. Loss of β1 integrin impairs keratinocyte adhesion,
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spreading and forward movement (Raghavan et al., 2003). We now show that β1
integrin works in conjunction with EGF receptors to induce keratinocyte polarization.
β1 integrins are essential for EGF signaling in various cell types, as they modulate
endosomal trafficking of

EGF receptors, which is necessary for optimal

activation (Morello et al., 2011). β1 integrins are also involved in formation and
activation of complexes containing N-WASP and Cdc42, which are required for
chemotaxis induced by platelet-derived growth factor (King et al., 2011). The precise
role of β1 integrins in the EGF/RhoG/ELMO2/ILK pathway may occur at various
levels, and is an important area for future research.
In conclusion, our data are consistent with a model in which EGF receptor
stimulation promotes activation and recruitment of RhoG at the plasma membrane
(Figure 3.8). Active RhoG then associates with ELMO2/ILK complexes, resulting
in

activation

of

Rac1,

formation

of

lamellipodia

and

cell polarization,

followed by forward migration. Aspects of this model that remain important areas
for future research are how β1 integrins modulate this process, and the events that
link RhoG/ELMO2/ILK to Rac1 activation. ELMO2 forms complexes with several
Dock proteins, including Dock4, which directly activate Rac1 (Ueda et al., 2008).
Whether this mechanism also functions in the context of the ILK/ELMO2 species
remains to be defined.
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Chapter 4

ILK and ELMO2 localize to recycling endosomes in differentiated
keratinocytes
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4.1 Abstract
The epidermis consists of a basal layer of undifferentiated keratinocytes and
multiple suprabasal layers of differentiated keratinocytes.

Basal keratinocytes

maintain a high capacity to migrate upon stimulation such as during wound healing.
“Integrin-linked kinase” (ILK) is a scaffold that regulates cell migration through
interactions with multiple proteins including another scaffold protein, “Engulfment
and Cell Motility 2” (ELMO2).

ILK and ELMO2 can interact in undifferentiated

keratinocytes, and cooperate to promote EGF-induced migration. Interestingly, ILK
and ELMO2 can also interact in differentiated keratinocytes, though these cells have
a relatively lower capacity to migrate compared to undifferentiated keratinocytes.
The role of ILK and ELMO2 in differentiated keratinocytes is poorly understood.
Here, we show that ILK and ELMO2 localize to cell borders and intracellular puncta
in differentiated keratinocytes.

We have identified these puncta as recycling

endosomes, which are positive for β1-integrin and E-cadherin suggesting ILKELMO2 complexes are associated with recycling of cell surface proteins.

4.2 Introduction
The epidermis is a stratified squamous epithelium composed of keratinocytes
at various stages of differentiation. Undifferentiated keratinocytes reside in the basal
layer, and are attached to the basement membrane, which separates the epidermis
from the dermis (Fuchs, 1990). Basal keratinocytes can proliferate and contribute to
the maintenance and regeneration of the epidermis (Fuchs, 2007). Suprabasal
keratinocytes do not adhere to the basement membrane, migrate outwards, are
quiescent and terminally differentiated (Watt et al., 2002). In addition, the uppermost
cornified keratinocytes lose their nuclei, undergo a form of programmed cell death,
and ultimately slough off (Fuchs, 2007).
Primary cultured mouse keratinocytes maintained in growth medium
containing low Ca2+ concentrations (< 0.1mM) exhibit characteristics similar to basal
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keratinocytes.

They remain undifferentiated and proliferate (Dotto et al., 1999).

Addition of Ca2+ to culture medium (>0.1mM) induces the formation of cell-cell
junctions and triggers a terminal differentiation program (Dotto et al., 1999). Integrin
expression is downregulated in differentiated keratinocytes, both in vivo and in
culture (Watt, 2002).
“Integrin-linked kinase” (ILK) is a scaffold protein that interacts with multiple
proteins including β1 and β3 integrins. ILK is involved in integrin mediated cellattachment and migration, as well as other cell functions, including, phagocytosis
and trafficking (Wickstrom et al., 2010, Sayedyahossein et al., 2012, Qin and Wu,
2012). In contrast to the downregulation of β1-integrins, ILK expression is
maintained in differentiated keratinocytes, where it plays a role in the formation of
adherens junctions (Vespa et al., 2003; Vespa et al., 2005). A major component of
adherens junctions is E-cadherin, which forms homodimers with E-cadherin
molecules from adjacent cells (Pokutta et al., 1994). E-cadherin molecules traffick to
the plasma membrane and can recycle via clathrin-dependent endocytosis (Bryant
and Stow, 2004). ILK is thought to participate in the regulation of E-cadherin
movement to the plasma membrane in differentiating keratinocytes (Vespa et al.,
2005). Whether ILK is involved in E-cadherin trafficking remains to be determined.
In both undifferentiated and differentiated keratinocytes, ILK can form
complexes with “engulfment and Cell Motility 2” (ELMO2; Ho et al., 2009). In C.
elegans differentiated intestinal epithelial cells, the ELMO orthologue CED-12 can
localize to recycling endosomes (Sun et al., 2012).

CED-12 is necessary for

recycling of cargo in clathrin-dependent and clathrin-independent manners (Sun et
al., 2012). Mutations in CED-12 result in accumulation of cargo in early endosomes
and impaired cargo recycling (Sun et al., 2012).
The role of ILK and ELMO2 in differentiated keratinocytes has not been
explored. We now show that differentiation of keratinocytes induced by Ca2+ is
accompanied by localization of ILK and ELMO2 to cell borders and to recycling
endosomes. A fraction of these endosomes is also positive for β1-integrin or E-
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cadherin immunostaining, suggesting that ILK-ELMO2 complexes may play a role in
trafficking of these two proteins.

4.3 Materials and Methods
4.3.1 Cell Culture and Transfections
Primary mouse keratinocytes isolated from 2 day-old CD-1 mice were
cultured in low calcium (< 0.05 mM) Eagle’s minimum essential medium with
supplements (“low Ca2+ medium”) as described in Ho et al., 2010 (see Appendix 1).
For immunoblot analysis, cells were plated onto polystyrene culture dishes (100mm
BD Primaria culture dishes, BD Biosciences, Cat#. 353803, Franklin Lake, NJ, USA)
at a density of 8.6x104cells/cm2. For microscopy studies, cells were plated onto
collagen-1 coated glass coverslips housed in polystyrene culture wells (24-well BD
Primaria culture plate, BD Biosciences, Cat#. 353847) (see below).
To coat glass coverslips with collagen-1, coverslips were initially immersed in
1M HCl at 60oC for 6 h. Coverslips were subsequently washed thrice with ddH2O
and incubated with 100µg/ml poly-L-lysine (PLL; Sigma, Cat#. P8620, St. Louis, MO,
USA) for 30 min at room temperature with rocking. PLL-coated coverslips were
washed thrice with ddH2O and allowed to dry under UV-B light for sterilization. Prior
to being coated with collagen-1, PLL coated coverslips were immersed in 75%
ethanol for 30 min. The ethanol was aspirated and the coverslips were washed
thrice with PBS. Subsequently coverslips were incubated with rat tail collagen type I
(50µg/ml, BD Biosciences, Cat#. 354236). Finally, collagen-I coated coverslips were
washed thrice with PBS prior to used.
Keratinocytes freshly isolated from mouse epidermis were seeded onto
collagen- coated coverslips at a density of 2.6 x 105 cells/cm2. Twenty-four hours
after plating, cell culture medium was replaced with fresh medium, and 24 h later the
cells

were

transfected.

Transient

transfections

were

conducted

with
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polyethyleneimine (Appendix 1; PEI, 25 kDa linear PEI, Polysciences, Cat#. 23966,
Warrington, PA). For PEI transfections, 7.5 µl PEI stock solution (1 mg/ml, pH 7.0)
was mixed by vortexing with 2 µg plasmid DNA dissolved in 75 µl of 150 mM NaCl.
The PEI/DNA/NaCl mixture was incubated for 10min before adding to the culture
medium of cells and thoroughly mixing. The DNA-containing medium was replaced
with fresh low Ca2+ medium 4 h later.

Transfected cells were cultured for an

additional 16 h before being used for experiments.

4.3.2 Differentiation of Keratinocytes
All experiments were conducted when keratinocytes were 70-80% confluent,
and between 3-5 days after isolation. Keratinocytes were induced to differentiate by
culture in medium with extracellular Ca2+ concentrations of 1 mM. To this end, the
low Ca2 growth medium was replaced with culture medium containing 1 mM Ca2+
(“high Ca2+-medium”). For experiments in which Ca2+ was substituted by other
divalent cations, low Ca2+ EMEM was supplemented with 1 mM MgCl2 or 1 mM
MnCl2. Where indicated, the culture medium contained 0.25 mM EGTA or 0.25 mM
EGTA plus 1 mM Ca+. For Ca2+ withdrawal experiments, cells were initially cultured
in high Ca2+ medium for 16 h, washed thrice with Ca2+-free PBS (pH 7.6) and
subsequently cultured in low Ca2+ medium for intervals indicated in individual
experiments.

4.3.3 Antibodies, Reagents, and Plasmids
Antibodies used and their sources were: Rabbit anti-β1 integrin (monoclonal,
Abcam, Cat#. Ab52971, Cambridge MA), mouse anti-E-cadherin (monoclonal, BD
Transduction Laboratories, Cat#. 610181, San Jose, CA, USA), goat anti-ELMO2
(polyclonal, Santa Cruz Biotechnology, Cat#. sc21655, Santa Cruz, CA, USA),
mouse anti-FLAG-M2 (monoclonal, Sigma, Cat#. F1804, St. Louis, MO, USA),
mouse anti-GAPDH (monoclonal, Abcam, Cat#. Ab9484, Cambridge MA, USA) and
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mouse anti-ILK (monoclonal, BD Transduction Laboratories, Cat#. 611802, San
Jose, CA, USA). AlexaFluor™-conjugated goat anti-mouse and goat anti-rabbit IgG
were purchased from Molecular Probes (Invitrogen, Eugene, OR, USA). Horseradish
peroxidase-conjugated goat anti-mouse, goat anti-rabbit or donkey anti-goat
antibodies were purchased from Jackson ImmunoResearch Laboratories (West
Groove, PA, USA). The plasmids encoding V5- and mCherry-tagged ILK proteins,
and FLAG- and GFP-tagged ELMO2 proteins have been described (Vespa et al.,
2005; Ho et al., 2009; Gumienny et al., 2001; Ho and Dagnino, 2012). Plasmids
encoding GFP-tagged Rab proteins were a kind gift from Dr. John Di Guglielmo and
Dr. Robert Lodge.

4.3.4 Immunoblot Analysis
Keratinocytes were cultured in high Ca2+ medium for intervals indicated in
individual experiments prior to harvesting and lysis with a buffer A (1% Triton X-100,
50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 5 mM NaF, 2 mM Na3VO4, 1 mM PMSF, 2
µg/ml aprotinin, 2 µg/ml leupeptin, and 2 µg/ml pepstatin) for 30 min at 4oC. Lysates
were centrifuged at 20,800 x g for 10 min at 4oC, and the supernatant was used for
further analysis. Samples containing 50 µg total protein each were resolved by SDSPAGE and analyzed by immunoblot.

4.3.5 Microscopy and Image Analysis
Keratinocytes were fixed at room temperature with 4% paraformaldehyde
(freshly diluted in PBS, pH 7.6) for 10 min and mounted with Immu-mount (Thermo
Scientific Cat#. 99-904-02, Waltham, MA, USA). Fluorescence photomicrographs
were obtained with a Leica DMIRBE fluorescence microscope (Deerfield, IL)
equipped with an Orca-ER digital camera (Hamamatsu Photonics, Hamamatsu City,
Japan), using Volocity 4.3.2 software (Perkin Elmer, Waltham, MA, USA). Confocal
images were acquired with a Zeiss LSM5 DUO scanning laser confocal microscope
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(Zeiss, Jena, Germany) using ZEN 2007 SP1 software (Zeiss). Confocal images of
the cell of interest were acquired at the lowest plane immediately above the
coverslip surface. Measurement of vesicle sizes was performed with ZEN 2007 SP1
software (Zeiss). The vesicles scored were consistenly circular in shape. Therefore
to obtain their cross sectional area, I used the formula πr2, where r is the radius.
Statistical significance was set to p<0.05 (T-test, unpaired).

4.4 Results
4.4.1 ILK localizes to cytoplasmic puncta and to cell borders in differentiated
keratinocytes.
Calcium cations play an important role in keratinocytes, modulating changes
in morphology, adherens junction formation, down regulation of integrins, and
induction of terminal differentiation (Livshits et al., 2012). The morphological
changes and formation of cell-cell junctions that occur in keratinocytes as a
consequence of Ca2+ induction of differentiation also involve changes in the actin
cytoskeleton. As ILK plays important roles in F-actin dynamics, we investigated
whether Ca2+ treatment of primary cultured keratinocytes induced changes in ILK
subcellular localization. Keratinocytes expressing exogenous mCherry-tagged ILK
were cultured in either low Ca2+ medium (<0.5mM Ca2+) or high Ca2+ medium
(>1.0mM) for 16 h. Keratinocytes cultured in low Ca2+ medium remain
undifferentiated, exhibit a characteristic cobblestone morphology and displayed a
predominantly cytosolic distribution of ILK, as well as ILK localization to likely focal
adhesions (Figure 4.1 and Appendix 2), in agreement with previous reports (Vespa
et al., 2003). However, in keratinocytes induced to differentiate via culture in high
Ca2+ medium, ILK was found in areas adjacent to cell borders (Figure 4.1), in
agreement with previous reports (Vespa et al., 2003; Vespa et al., 2005). In these
cells, ILK was also found in cytoplasmic puncta that resembled vesicles (Figure 4.1).
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Figure 4.1. Role of calcium in the localization of ILK to cell borders and
intracellular puncta. Keratinocytes were transfected with a vector encoding
mCherry-tagged ILK. Sixteen hours post transfection, cells were cultured for an
additional 16 h in culture media containing growth supplements only (EMEM) or
with the addition of 1 mM Ca2+, 0.25 mM EGTA (EGTA), 0.25 mM EGTA and 1
mM Ca2+ (EGTA + Ca2+), 1 mM Mg2+, or 1 mM Mn2+. Cells were fixed and
analyzed by confocal microscopy. Images represent cells in contact with
neighboring cells. Arrows and arrowheads indicate localization of ILK to cell
borders and puncta, respectively, in keratinocytes treated with calcium. Scale
bar: 20 µm. Experiments were repeated three times in triplicate.
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Various divalent cations modulate several aspects of keratinocyte function,
but do not induce differentiation.

For example, changes in extracellular

concentrations of Mg2+ and Mn2+ can enhance keratinocyte attachment and/or
motility due to modulation of integrin ligation and expression, respectively (Lange et
al., 1994; Karecla et al., 1994; Tenaud et al., 1999; Tenaud et al., 2000). To
determine if other divalent cations can also modulate the intercellular distribution of
ILK or whether this is a Ca2+-dependent phenomenon, keratinocytes expressing
exogenous mCherry-tagged ILK were cultured in medium containing 1mM Mg2+ or
1mM Mn2+ in place of 1mM Ca2+, or in low Ca2+ for 16 h. The presence of 1 mM
Mg2+ or 1 mM Mn2+ in culture medium did not appreciably alter keratinocyte
morphology or ILK subcellular distribution relative to cells cultured in low Ca2+
medicum (Figure 4.1). This suggested that changes in ILK subcellular localization
are likely Ca2+-dependent and associated with keratinocyte differentiation (Figure
4.1).
To further investigate this concept, we cultured keratinocytes in the presence
of the Ca2+ chelator EGTA. Cells cultured in high Ca2+ medium supplemented with
0.25 mM EGTA did not exhibit the characteristic morphological changes induced by
1 mM Ca2+ (Figure 4.1). Moreover, in these cells, ILK distribution remained
cytoplasmic or associated with focal adhesions in a manner indistinguishable from
the distribution described for cells cultured in low Ca2+ medium (Figure 4.1). Thus,
increases in extracellular Ca2+ changes

its

intracellular distribution, from

predominantly the cytoplasm and focal adhesions, to intracellular puncta and cell
borders in a Ca2+ dependent manner.

4.4.2 ELMO2 expression in differentiated keratinocytes.
We have previously shown that ILK and ELMO2 associate in differentiated
keratinocytes (Ho et al., 2009). Levels of endogenous ILK remain stable during
keratinocyte differentiation (Vespa et al., 2003, Figure 4.2). Whether the levels of
endogenous ELMO2 are maintained, similar to those of ILK, in differentiated
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Figure 4.2. ILK and ELMO2 protein levels do not change during
differentiation of keratinocytes. Plated keratinocytes were cultured in medium
containing 1.0 mM Ca2+ medium for the indicated times, harvested and lysed.
Fifty micrograms of lysate was resolved by SDS-PAGE and transferred onto
polyvinylidene difluoride membranes for immunoblotting with the indicated
antibodies for endogenous proteins. GAPDH was used as a loading control.
Experiments were repeated three.
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keratinocytes is unknown. Thus, we examined ELMO2 protein levels in differentiated
keratinocytes, analyzing cell lysates generated at timed intervals following culture in
high Ca2+ medium. We observed that ELMO2 remained present upon induction of
differentiation, as late as 48 h after induction of differentiation (Figure 4.2).

4.4.3 Colocalization of ILK and ELMO2 in differentiated keratinocytes.
To determine whether ELMO2 localization overlapped with that of ILK in
differentiated keratinocytes, we exogenously expressed mCherry-tagged ILK with
GFP-tagged

ELMO2

in

undifferentiated

or

differentiated

primary

mouse

keratinocytes, and visualized these proteins by confocal microscopy. Differentiation
did not alter the diffuse cytoplasmic distribution of mCherry or GFP observed in
undifferentiated cells (Figure 4.3A).
Similar to our previous observations, ILK had a diffuse cytoplasmic
distribution and localized to focal adhesions in undifferentiated keratinocytes (Figure
4.1 and 4.3B; Appendix 2). Culturing cells for up to 4 h in high Ca2+ medium did not
disrupt this pattern of localization (Figure 4.3B). After 8 h in high Ca2+ medium, ILK
remained cytoplasmic, but was no longer evident at focal adhesions (Figure 4.3B).
After 16 h of culture in high Ca2+ medium, ILK localization changed from being
predominantly cytoplasmic to an intracellular punctate pattern with many puncta
found adjacent to the cell borders (Figure 4.1 and 4.3B). This pattern persisted as
late as 48 h (Figure 4.3B and J).This occurred in approximately 25% of cells
expressing exogenous ILK, with the remainder of cells displaying a diffuse
cytoplasmic distribution of ILK (Figure 4.3J).
The subcellular localization of ELMO2 was also predominantly cytoplasmic in
undifferentiated keratinocytes, and localization of ELMO2 at focal adhesions was not
observed, as previously reported (Figure 4.3D, F and G; Appendix 2). This pattern
persisted in cells cultured in high Ca2+ medium for up to 8 h. However, after 16 h of
culture in high Ca2+ medium, ELMO2 was also apparent in intracellular puncta, many
of which aligned along the cell borders (Figure 4.3E). Similar to our observations
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Figure 4.3. Colocalization of ILK and ELMO2 in differentiated keratinocytes.
(A to J) Keratinocytes were transfected with vectors encoding mCherry or
mCherry-tagged ILK and eGFP or GFP-tagged ELMO2 proteins. Sixteen hours
post transfection, cells were cultured in medium containing 1.0 mM Ca2+ for the
indicated times. Cells were fixed and analyzed by confocal microscopy. Images
represent cells in contact with neighboring cells. (B to E) Insets in panels i and ii
or v and vi or ix and x are magnified in panels iii and iv or vii and viii or xi and xii,
respectively. (F to I) Insets in panels i to ix in F and H are magnified in the
corresponding panels in G and I, respectively. Scale bar: 20 µm. (J) The
abundance of cells exogenously expressing the indicated fluorescent proteins in
puncta was determined. Note: cells counted expressing mCherry and GFP, at all
time points, or mCherry-ILK or GFP-ELMO2 or both, from 0 h to 8 h, displayed <
5 puncta per cell, whereas the remaining groups represent counts of cells
displaying > 100 puncta per cell. The results are expressed as the mean + SEM
(n= 3). *p < 0.05 relative to cells cultured for 8 h in 1.0mM Ca2+ medium
(ANOVA). Experiments were repeated three times in triplicate.
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with ILK, approximately 25% of the cells displayed this pattern, with the remainder
showing a diffuse cytoplasmic distribution of ELMO2 (Figure 4.3J). This pattern
persisted in the same proportion of cells within the population up to 48 h high in Ca2+
medium (Figure 4.3E and J). The joint expression of exogenous ILK and ELMO2
also resulted in colocalization of the two proteins to intracellular puncta and along
cell borders (Figure 4.3H and I). Co-expression of exogenous ILK and ELMO2 did
not affect the timing in appearance of these puncta as we only observed them after
16 h of culture in high Ca2+ medium and the general distribution of these proteins
was similar to that in cells expressing exogenous ILK or ELMO2 alone (Figure 4.3B
to I). In addition, the proportion of cells within the population jointly expressing
exogenous ILK and ELMO2 and displaying a colocalized punctate distribution of
these proteins was not substantially different from the proportion of cells expressing
only exogenous ILK or ELMO2 (Figure 4.3J).

4.4.4 Maintenance of ILK and ELMO2-containing puncta in differentiated
keratinocytes requires extracellular Ca2+.
To determine whether the presence of high Ca2+ concentration is required to
maintain ILK- and ELMO2 in puncta, we conducted Ca2+ withdrawal experiments.
We expressed exogenous mCherry-ILK and eGFP-ELMO2 in primary mouse
keratinocytes and cultured these cells in high Ca2+ medium for 16 h. The culture
medium was then replaced with low Ca2+ medium for up to 4 h (Figure 4.4A). Thirty
minutes following Ca2+ withdrawal, cells still maintained a punctate pattern of ILK
and ELMO2, although these two proteins appeared less evident at cell borders.
Following 1 h after Ca2+ withdrawal, ILK and ELMO2 exhibited a cytoplasmic
distribution, and all puncta containing these two proteins had become undetectable.
In contrast, ILK and ELMO2 colocalized to membrane ruffles in a similar manner to
their distribution in undifferentiated keratinocytes (Figure 4.4B; Ho et al., 2009; Ho
and Dagnino 2012). mCherry and GFP maintained a diffuse cytoplasmic distribution
irrespective of the Ca2+ concentration in keratinocyte cultures (Figure 4.4C).
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Figure 4.4. Calcium is necessary to maintain ILK and ELMO2-containing
puncta. Keratinocytes were transfected with vectors encoding mCherry-ILK and
GFP-ELMO2 or mCherry and GFP proteins. Sixteen hours post transfection,
cells were cultured for an additional 16 h in medium containing 1.0 mM Ca2+. To
remove calcium from cell culture media, media was aspirated and cells were
washed thrice in PBS prior to the addition of medium containing low Ca2+. Cells
were then cultured for the indicated times, fixed and analyzed by fluorescent
microscopy. (A) Experimental timeline showing differentiation of keratinocytes
with calcium followed by calcium withdrawal time points indicated with a star. (B
and C) Photomicrograph of cells after calcium withdrawal for the indicated times.
Scale bar: 20 µm. Experiments were repeated three times in triplicate.
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4.4.5 Mapping of ELMO2 protein domains involved in its localization to puncta.
Both the N- and the C-terminus of ELMO2 are important for its function. The
N-terminus mediates interactions with the small GTPase RhoG and with ILK (Katoh
et al., 2003; Ho et al., 2009). RhoG modulates the localization of ELMO2 complexes
to areas adjacent to the plasma membrane, and we have previously identified
complexes containing RhoG, ELMO2 and ILK, that localize to lamellipodia. In these
complexes ELMO2 acts as a bridge between RhoG and ILK (Katoh et al., 2003; Ho
et al., 2009). Within the N-terminus of ELMO2, multiple Armadillo repeats exist,
which mediate interactions with RhoG and ILK (Ho and Dagnino, 2012). To
determine the role of the Armadillo repeats in the localization of ILK and ELMO2 to
puncta in differentiated keratinocytes, we exogenously expressed mCherry-tagged
ILK and GFP-tagged ELMO2 I12S (which does not bind RhoG) in primary mouse
keratinocytes and cultured these cells for 16 h in high Ca2+ medium. We observed
that ELMO2 I12S could still localize to intracellular puncta and along cell borders,
and that it colocalized with ILK at these sites, with no noticeable differences
compared to wild type ELMO2 (Figure 4.5A and Appendix 14). We conducted similar
experiments in differentiated keratinocytes exogenously expressing mCherry-tagged
ILK and GFP-tagged ELMO2 G72A, (which binds neither RhoG nor ILK) or ELMO2
L156S (which does not bind ILK). In the presence of either ELMO2 G72A or ELMO2
L156S, ILK was still found in intracellular puncta and at cell borders (Figure 4.5B and
Appendix 14). Both ELMO2 G72A and ELMO2 L156S were found in intracellular
puncta but were absent from cell borders (Figure 4.5B and Appendix 14).
Importantly, ELMO2 G72A or ELMO2 L156S did not colocalize with ILK, suggesting
that an interaction between ILK and ELMO2 may not be necessary for ELMO2
localization to puncta but is required for their colocalization (Figure 4.5B and
Appendix 14).
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Figure 4.5. Mapping of ELMO2 protein domains involved in puncta
localization. (A to D) Keratinocytes were transfected with vectors encoding
mCherry-tagged ILK and GFP-tagged ELMO2 proteins. ELMO2 mutants contain
either point mutations or a truncation. The ELMO2 point mutants include
substitution of isoleucine 12 with serine (ELMO2 I12S), glycine 72 with alanine
(ELMO2 G72A) or glycine 218 with alanine (ELMO2 G218A). The ELMO2
truncation mutant contains amino acids 1-539 (ELMO2 1-539). Sixteen hours
post transfection, cells were culture for an additional 16 h in medium containing
1.0 mM Ca2+. Cells were fixed and analyzed by confocal microscopy. Images
represent cells in contact with neighboring cells. Insets in panels i to iii and vii to
ix are magnified in panels iv to vi and x to xii, respectively. Arrowheads indicate
co-localization of ILK with wild-type ELMO2 and the mutants ELMO2 I12S or
ELMO2 1-539 at cell borders and puncta. Arrows indicate a lack of colocalization
between ILK and ELMO2 mutants G72A and G218A. Scale bar: 20 µm. (D)
Cross sectional area of puncta containing ILK and wild type ELMO2 or ELMO2 1530. Ten randomly selected vesicles in five individual cells expressing ILK and
wild type ELMO2 or ELMO2 1-539 were selected. Results are expressed as
means; error bars, SE (n= 3). *p < 0.05 (Student’s T-test). Experiments were
repeated three times in triplicate.
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4.4.6 The ELMO2 C-terminus is important for puncta size.
The C-terminus of ELMO2 mediates interactions with several proteins,
including Dock1 (Katoh et al., 2003; Katoh et al., 2006). To determine whether the
ELMO2 C-terminus plays a role in the localization of this protein to puncta, we
transiently co-expressed mCherry-tagged ILK and a eGFP-tagged ELMO2 deletion
mutant containing amino acids 1-539 (ELMO2 1-539), and observed their distribution
in differentiated keratinocytes. ELMO2 1-539 localized to intracellular puncta but
these puncta were substantially larger than those observed with wild type ELMO2
(Figure 4.5C and Appendix 14). The cross sectional area of puncta containing ILK
and ELMO2 1-539 was approximately six times larger than those containing ILK and
wild type ELMO2 (Figure 4.5D). Moreover, ELMO2 1-539 did not localize as
prominently to cell borders as wild type ELMO2 (Figure 4.5C and Appendix 14). ILK
was present in these enlarged puncta, and displayed reduced localization to cell
borders in the presence ELMO2 1-539 (Figure 4.5C and Appendix 14). Thus, the Cterminus of ELMO2 may regulate the size of these puncta.

4.4.7 ILK and ELMO2 colocalize to recycling endosomes, but not to early or
late endosomes.
Addition of Ca2+ to keratinocyte cultures induces endocytosis of integrins and
growth factor receptors, which can be recycled to the plasma membrane or
degraded through the lysosomal pathway (Hotchin et al., 1995). In addition, Ecadherin is actively endocytosed and recycled to the plasma membrane in
keratinocytes to regulate adherens junctions (Akhtar and Hotchin, 2001). Endosomal
functions are regulated by Rab proteins, a group of monomeric GTPases that can
switch between a GTP-bound active state and a GDP-bound inactive state. Rab
proteins are also useful markers of different endosomal compartments. For instance
Rab4 and Rab11 are found in early and late recycling endosomes, respectively,
whereas

Rab5

and

Rab7

are

found

in

early

endosomes/lysosomes, respectively (Stenmark, 2009).

endosomes

and

late
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Our observation of the localization of ILK and ELMO2 to punctate structures
in differentiated keratinocytes prompted me to investigate whether these puncta
were endosomal compartments. To this end, keratinocytes exogenously expressing
either mCherry-tagged ILK or FLAG-tagged ELMO2, together with GFP-tagged Rab
proteins were cultured in high Ca2+- medium for 16 h. In differentiated keratinocytes,
Rab4, Rab5, Rab7 and Rab11 were found associated with vesicles.

Rab4 and

Rab11 were also found in larger ring shaped vesicles (Figure 4.6A). Both ILK and
ELMO2 colocalized with Rab4- or Rab11-positive vesicles (Figure 4.6B and 4.7A
and Appendix 15 and 16). The exogenous expression of ILK or ELMO2 was also
accompanied by an apparent shift of Rab4- and Rab11-containing vesicles, from
being predominantly cytoplasmic to concentrating to regions adjacent to cell borders
(Figure 4.6B, C and 4.7A, B and Appendix 15 and 16). In stark contrast, we did not
observe localization of ILK or ELMO2 to vesicles containing Rab5 or Rab7 (Figure
4.6B, C and 4.7A, B Appendix 15 and 16). Expression of Rab5 or Rab7 did not affect
localization of ILK or ELMO2 as the latter two proteins were still found in intracellular
puncta as well as along cell borders (Figure 4.6B, C and 4.7A, B and Appendix 15
and 16). Taken together, this suggests that ILK and ELMO2 are not found in all
endosomal, compartments but are present in recycling endosomes.
Given that Rab GTPases can regulate endosomal trafficking, we sought to
determine whether Rab4 or Rab11 could regulate the formation of ILK- or ELMO2containing vesicles. To this end, keratinocytes transiently co-expressing mCherrytagged ILK or FLAG-tagged ELMO2 and eGFP-tagged Rab4 or Rab11 mutants
were cultured in high Ca2 medium for 16 h and the distribution of these proteins was
assessed. We utilized constitutively active (CA) mutants of Rab4 (Rab4 Q61L) and
Rab11 (Q70L), as these mutants enhance endosomal trafficking. In addition, we
utilized dominant negative (DN) forms (Rab4 S22N; Rab7 S25N) to determine
whether localization ILK and ELMO2 to vesicles requires active Rab4 or Rab11, as
these mutants inhibit endosomal trafficking. We observed that ILK and ELMO2
colocalized with Rab4 CA and Rab11 CA, similar to wild type Rab4 or Rab11
suggesting that ILK and ELMO2 localize to actively recycling endosomes (Figure
4.6D, E and 4.7C, D and Appendix 15 and 16). In the presence of DN Rab4 and
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Figure 4.6. ILK colocalizes with recycling endosomes but not early or late
endosomes in differentiated keratinocytes. (A to C) Keratinocytes were
transfected with vectors encoding mCherry or mCherry-tagged ILK and GFPtagged Rab4, Rab5, Rab7 or Rab11 proteins. Sixteen hours post transfection,
cells were cultured for an additional 16 h in medium containing 1.0 mM Ca2+.
Cells were fixed and analyzed by confocal microscopy. Images represent cells in
contact with neighboring cells. (D and E) Keratinocytes were transfected with
vectors encoding mCherry-tagged ILK and GFP-tagged Rab4 or Rab11 proteins
that are constitutively active (CA) or dominant negative (DN). Sixteen hours post
transfection, cells were cultured for an additional 16 h in medium containing 1.0
mM Ca2+. Cells were fixed and analyzed by confocal microscopy. Images
represent cells in contact with neighboring cells. (B and E) Insets in panels i to iii
and vii to ix are magnified in panels iv to vi and x to xii, respectively. Images
represent cells in contact with neighboring cells.

Arrowheads indicate

colocalization of ILK and wild-type or constitutively active Rab4 or Rab11 at cell
borders and puncta. Arrows indicate a lack of colocalization between ILK and
Rab 5 or Rab7 or dominant negative Rab4 or Rab11. Scale bar: 20 µm.
Experiments were repeated three times in triplicate.
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Figure 4.7. ELMO2 colocalizes with recycling endosomes but not early or
late endosomes in differentiated keratinocytes. (A and B) Keratinocytes were
transfected with vectors encoding FLAG-tagged ELMO2 and GFP-tagged Rab4,
Rab5, Rab7 or Rab11 proteins. Sixteen hours post transfection, cells were
cultured for an additional 16 h in medium containing 1.0 mM Ca2+. Cells were
fixed and exogenous ELMO2 was detected with a primary FLAG antibody and a
secondary Alexa-594 antibody prior to being analyzed by confocal microscopy.
Images represent cells in contact with neighboring cells. (C and D)
Keratinocytes were transfected with vectors encoding FLAG-tagged ELMO2 and
GFP-tagged Rab4 or Rab11 proteins that are constitutively active (CA) or
dominant negative (DN). Sixteen hours post transfection, cells were cultured for
an additional 16 h in medium containing 1.0 mM Ca2+. Cells were fixed and
exogenous ELMO2 was detected with a primary FLAG antibody and a secondary
Alexa-594 antibody prior to being analyzed by confocal microscopy. Images
represent cells in contact with neighboring cells. (A to D) Insets in panels i to iii
and vii to ix are magnified in panels iv to vi and x to xii, respectively. Arrowheads
indicate colocalization of ELMO2 and wild-type or constitutively active Rab4 or
Rab11 at cell borders and puncta. Arrows indicate a lack of colocalization
between ELMO2 and Rab 5 or Rab7 or dominant negative Rab4 or Rab11. Scale
bar: 20 µm. Experiments were repeated three times in triplicate.
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Rab11 proteins, ILK and ELMO2 were still found in vesicles, but did not colocalize
with these Rab proteins suggesting that localization of ILK and ELMO2 to vesicles is
not dependent on activation of Rab4 or Rab11 (Figure 4.6D, E and 4.7C, D and
Appendix 15 and 16).

4.4.8 ILK- and ELMO2- positive vesicles contain β1-integrin or E-cadherin.
The observation that ILK- or ELMO2-containing vesicles colocalized with
Rab4 and Rab11 is intriguing since β1-integrin recycling can be regulated by Rab11
and E-cadherin endocytosis can be regulated by both Rab4 and Rab11 (Watanabe
et al., 2009; Powelka et al., 2004). To determine whether ILK and ELMO2 vesicles
may be involved in β1-integrin or E-cadherin recycling, we transiently co-expressed
mCherry-tagged ILK and GFP-tagged ELMO2 in primary mouse keratinocytes and
cultured these cells in high Ca2+ medium for 16 h. In undifferentiated keratinocytes,
β1-integrin displayed either a diffuse distribution or was found at focal adhesions
(Figure 4.8A). In differentiated keratinocytes, we noticed a diminished β1-integrinassociated immunofluorescence, compared to undifferentiated keratinocytes and
this correlated with a decrease in β1-integrin protein levels assayed by immunoblot
analysis (Figure 4.8A and 4.9). Any remaining β1-integrin signal was distributed to
cell borders as well as adjacent vesicles (Figure 4.8A). A subset of vesicles
containing ILK and ELMO2 also stained positive for endogenous β1-integrin (Figure
4.8A). Not all β1-integrin staining overlapped with ILK and ELMO2 vesicles.
In undifferentiated keratinocytes, E-cadherin was found in a predominantly
vesicular distribution, whereas in differentiated keratinocytes, E-cadherin located to
cell borders and puncta bordering these regions (Figure 4.8B). Similar to the
observations with β1-integrin, a subset of vesicles containing ILK and ELMO2 was
also positive for E-cadherin (Figure 4.8B). Not all E-cadherin staining overlapped
with ILK and ELMO2 vesicles (Figure 4.8B). Taken together, our observations
suggest that ILK and ELMO2 may be involved in targeting recycling endosomes
containing β1-integrin or E-cadherin.
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Figure 4.8. ILK- and ELMO2- positive vesicles contain β1-integrin or Ecadherin. Keratinocytes were transfected with vectors encoding mCherry-tagged
ILK and GFP-tagged ELMO2 proteins. Sixteen hours post transfection, cells were
cultured for an additional 16 h in low Ca2+ medium or medium containing 1.0 mM
Ca2+. Cells were fixed and analyzed by confocal microscopy. Images represent
cells in contact with neighboring cells. (A) ILK and ELMO2 colocalize with β1integrin.

Endogenous β1-integrin was detected with a primary β1-integrin

antibody and a secondary Alexa-405 antibody. (B) ILK and ELMO2 colocalize
with E-cadherin.

Endogenous E-cadherin was detected with a primary E-

cadherin antibody and a secondary Alexa-405 antibody. (A and B) Insets in
panels iv to vi are magnified in panels vii to xii. Panels x to xii are overlays of
channels as indicated in the bottom of the panels. For panel xii, β1-integrin or Ecadherin were pseudocoloured to red.

Arrows and arrowheads indicate cell

borders and intracellular puncta, respectively, where ILK, ELMO2 and β1-integrin
or E-cadherin colocalize. Scale bar: 20 µm. Experiments were repeated three
times in triplicate.
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Figure 4.9. β1-integrin protein levels decrease during differentiation of
keratinocytes. Plated keratinocytes were cultured in medium containing 1.0 mM
Ca2+ medium for the indicated times, harvested and lysed. Fifty micrograms of
lysate was resolved by SDS-PAGE and transferred onto polyvinylidene difluoride
membranes for immunoblotting with the indicated antibodies for endogenous
proteins. GAPDH was used as a loading control. Experiments were repeated
three times.
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4.5 Discussion
Calcium ions play an important role in the biology of epidermal keratinocytes.
In vivo, a Ca2+ gradient along the stratified epidermis exists, with lower extracellular
concentrations at the basal layer and higher extracellular concentrations at the
suprabasal layer. This Ca2+ gradient is necessary for normal differentiation of
keratinocytes (Tu et al., 2012).
ILK is an adaptor protein thought to be involved in the regulation of Ecadherin movements to cell borders during keratinocyte differentiation (Vespa et al.,
2005). In addition, ILK is also involved in trafficking by targeting vesicles to the
plasma membrane (Wickstrom et al., 2010). We have previously described that ILK
forms complexes with ELMO2 in undifferentiated keratinocytes, which modulate cell
motility and front-rear polarization (Ho et al., 2009; Ho and Dagnino, 2012).
Interestingly, ELMO2 is also present in differentiated keratinocytes and can
associate with ILK (Ho et al., 2009). ELMO proteins are highly conserved throughout
evolution, and the in C. elegans orthologue, CED-12/ELMO, has been recently
shown to regulate endocytic recycling (Sun et al., 2012).

Whether mammalian

ELMO2 is also involved in this process remains unknown.
In this work, we found that ILK and ELMO2 colocalize to vesicles and cell
borders in differentiated keratinocytes cultured in high Ca2+-high medium. We did not
observe formation of vesicles containing ILK and ELMO2 in keratinocytes cultured in
the presence of 1 mM Mg2+ or 1mM Mn2+, suggesting that formation of vesicles
containing these proteins is dependent on extracellular Ca2+. Withdrawal of Ca2+ in
the culture medium induced a loss of ILK- and ELMO2- containing vesicles within 1
h, suggesting that Ca2+ is also required to maintain these structures.
The domains on ELMO2 that mediate ILK-ELMO2 interactions are required
for their colocalization at puncta. Loss of these domains did not prevent ILK or
ELMO2, individually, to distribute to puncta.

This would suggest that ILK and

ELMO2 may also be part of vesicular compartments separate from one another.
Alternatively, endogenous ELMO2 was able to interact with ILK for recruitment into

270
the proper compartment which was separate from exogenous ELMO2. ILK may play
a role in targeting of ELMO2, as evidenced by the presence of ILK but a lack of
ELMO2 at cell borders when their interaction is abrogated (Figure 4.10).
Interestingly, ELMO2 distribution to puncta did not require domains that mediate
interactions with RhoG, a well known regulator of ELMO2 localization and function in
undifferentiated keratinocytes. It is possible that other proteins binding to ELMO2
regulate its distribution to puncta.
Current models propose that, in C. elegans, CED-12/ELMO is involved in
modulating the transition of the early endosomes into recycling endosomes by
activation of downstream effectors (Sun et al., 2012). In these models, CED12/ELMO interacts with CED-5/Dock1 to activate CED-10/Rac1, which induces
transition of early endosomes into recycling endosomes (Sun et al., 2012). A role for
ILK and ELMO2 in endocytic recycling in keratinocytes is supported by the
observation that ILK- and ELMO2- containing vesicles also containing the early and
late recycling endosome markers Rab4 and Rab11, respectively. ILK and ELMO2
did not colocalize with Rab5, a marker of early endosomes or Rab7, a marker of late
endosomes or lysosomes. This would suggest that ILK and ELMO2 do not partake
in all endocytic processes, but instead are involved in recycling of endosomes
(Figure 4.10).
Endosomes are very important in differentiated keratinocytes as they regulate
the trafficking of cell surface proteins. For example, β1-integrins are recycled to the
plasma membrane as well as degraded through the lysosomal pathway, whereas Ecadherin is continually recycled to the plasma membrane through early and late
recycling endosomes. The observation of positive β1-integrin staining in ILK and
ELMO2 vesicles suggest a role for ILK and ELMO2 in β1-integrin trafficking. β1integrin is downregulated during keratinocyte differentiation (Figure 4.9), which
corroborates our observation of a diminished staining for this protein. It is unlikely
that ILK or ELMO2 is directly involved in degradation of β1-integrin as the former two
proteins did not localize with Rab7. Instead, ILK and/or ELMO2 could be involved in
the initial recruitment of integrins to vesicles and dissociate from these vesicles as
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Figure 4.10. Proposed model of ILK and ELMO2 colocalization in recycling
endosomes in differentiated keratinocytes. ILK and ELMO2 are found in early
and late recycling endosomes but not early or late endosomes. 1) ILK and
ELMO2 colocalize in recycling endosomes within the cell body as well as
adjacent to the cell edge. 2-3) The N- and C-terminus of ELMO2 are important
for regulating colocalization with ILK and endosome size, respectively. 2) The
ELMO2 point mutants G72A and L156S (which do not bind ILK) still localize to
endosomes but these mutants do not colocalize with ILK positive endosomes at
the cell border. 3) The ELMO2 1-539 truncation mutant (which lacks the ability to
activate Rac1, but can interact with ILK) colocalizes with ILK in significantly
enlarged endosomes within the cell body.
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they become primed for the lysosomal pathway. Alternatively, a small pool of β1integrin is likely still present in differentiated keratinocytes and possibly recycled to
the plasma membrane. We also observed colocalization of ILK- and ELMO2containing vesicles with E-cadherin, suggesting ILK and ELMO2 may play a role in
recycling of E-cadherin. This is consistent with the hypothesis that ILK is involved in
the movement of E-cadherin to cell borders in differentiated keratinocytes (Vespa et
al., 2005). Interestingly Rac1, a downstream effector of ELMO2, has also been
shown to regulate endosomal recycling of E-cadherin in mammalian keratinocytes
(Akhtar and Hotchin, 2001). Whether ELMO2 plays a role in activating Rac1 to
regulate endosomal recycling in epidermal cells remains to be determined. In
summary, our data suggest ILK and ELMO2 complexes may be associated with
recycling endosomes containing β1-integrin and/or E-cadherin in differentiated
keratinocytes.
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5.1 Summary
Integrin-linked kinase (ILK) is a scaffold protein involved in a multitude of
cellular

functions

in

keratinocytes,

including

cell

attachment,

migration,

phagocytosis, and protein trafficking. To investigate the mechanisms involved in
these processes, we sought to identify other proteins which may interact with ILK,
and we identified Engulfment and Cell Motility 2 (ELMO2). Similar to ILK, ELMO2 is
a scaffold protein involved in migration, phagocytosis and protein trafficking.
Interestingly, we found that ILK and ELMO2 interact in undifferentiated, as well as
differentiated keratinocytes. Of note, undifferentiated keratinocytes are adherent and
highly motile, whereas differentiated keratinocytes are comparatively less motile and
downregulate cell attachments to the extracellular matrix. Thus we sought to further
explore the functional significance of ILK/ELMO2 complexes in keratinocytes by
testing the hypothesis that ILK and ELMO2 promote cell migration in
undifferentiated keratinocytes, whereas they are involved in trafficking in
differentiated keratinocytes. To address this hypothesis, I fulfilled these three
specific aims:
1. To determine the presence, localization, and function of ILK:ELMO2
complexes in undifferentiated cultured keratinocytes.
2. To determine the molecular mechanism by which ILK:ELMO2 complexes
regulate cell migration in undifferentiated cultured keratinocytes.
3. To determine the presence, localization, and function of ILK:ELMO2
complexes in differentiated cultured keratinocytes.
Data from experiments designed to address aims 1, 2, and 3 are represented
as the results in Chapters 2, 3, and 4, respectively.
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5.2 ILK-ELMO2 complexes modulate front rear polarity and cell migration
In Chapter 2, I determined that ILK and ELMO2 interact in undifferentiated
and differentiated keratinocytes. The interaction between ILK and ELMO2 is direct
and is mediated by both the N- and C-terminus of ILK and the N-terminus of ELMO2.
I also determined that ILK and ELMO2 colocalize at lamellipodia in migrating cells
and that ILK-ELMO2 complexes induce front-rear polarity and directed cell
migration. ILK-deficient keratinocytes display random migration due to a loss in
polarity (Lorenz et al., 2007; Nakrieko et al., 2008a). This is the first investigation into
the molecular mechanisms by which ILK modulates front-rear polarity. ILK has
previously been implicated in regulating apical basal polarity of the epiblast, through
its involvement in β1-integrin adhesion sites (Sakai et al., 2003). ILK-ELMO2
modulation of front-rear polarity requires β1-integrin though it is not known whether
β1-integrin is directly involved in the function of ILK-ELMO2 complexes or more
generally involved in establishing and maintaining cell-ECM adhesion sites
necessary for front-rear polarity (see Section 3.4.7). It will be critical to determine
whether ELMO2 can be found in β1-integrin complexes, which would suggest β1integrin is involved in the functions of ILK-ELMO2 complexes.
Loss of ILK results in defects in wound healing, as assayed through scrapewound experiments with cultured primary keratinocytes (Lorenz et al., 2007;
Nakrieko et al., 2008a). These assays, together with the migration assays I
performed support a role for ILK in two-dimensional motility of cells. However, cells
within living tissue move through a three dimensional matrix, and face a distinct
environment. For instance, instead of forming lamellipodia, cells form blebs to
squeeze through extracellular matrix (Insall and Machesky., 2009). Moreover,
chemotactic and haptotactic cues can originate from multiple directions and thus
complicating the establishment of polarity. Whether interfollicular keratinocytes
require ILK for in vivo wound healing remains to be determined. However, epidermal
wounding initiates bulge stem cell migration from hair follicles towards the wounded
area, where they proliferate to contribute to re-epithelialization. Loss of ILK in these
cells perturbs their ability to migrate to wounds and delays wound healing (Nakrieko
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et al., 2011). This would suggest ILK is also required for migration within a three
dimensional environment, although whether it contributes to cell-ECM adhesions,
polarization, lamellipodia formation or other processes remains to be determined. In
addition, whether ELMO2 or RhoG modulate in vivo migration of interfollicular
keratinocytes or bulge stem cells remains to be determined.
Mounting evidence suggests that ILK is involved in the formation of cellular
protrusions, for instance ILK is also involved in neuronal polarity, which regulates
neurite outgrowth (Ishii et al., 2001; Mills et al., 2003; Ishii et al., 2003). A common
theme between front-rear polarization and neuronal polarity is the extension of
protrusions. The small GTPase RhoG, in concert with ELMO2, is a modulator of
lamellipodia formation and neurite outgrowth (Katoh et al., 2000; Katoh and Negishi,
2003; Katoh et al., 2006; Namekata et al., 2012). The localization of ELMO2
complexes to cell edges is regulated, in part, by active RhoG (Katoh et al., 2006).
Based on this knowledge and my observation that ILK-ELMO2 complexes localize to
lamellipodia, I determined that ILK and ELMO2 form ternary complexes with RhoG in
keratinocytes. ILK and RhoG also colocalize to lamellipodia of migrating cells. I
determined that ILK does not interact with RhoG directly. Instead, the data are
consistent with the notion that active RhoG binds ELMO2 directly, and that ELMO2
acts as a bridge between ILK and RhoG. Whether ILK modulation of neurite polarity
and outgrowth (or other polarity and protrusion processes) encompasses ELMO2
and RhoG remains to be determined.

5.3 Epidermal growth factor induction of front-rear polarity and migration in
keratinocytes is mediated by ILK and ELMO2
Based on the findings in Chapter 2, I further investigated the significance of
ILK-ELMO2 complexes by determining the mechanisms by which this complex
induces polarity and migration and presented these findings in Chapter 3. I
determined that an interaction between RhoG and ELMO2 is required to recruit ILK-
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ELMO2 complexes to lamellipodia. In addition, I determined that the RhoG
interaction with ELMO2 is required for polarization and migration mediated through
ILK-ELMO2 complexes. Importantly, the epidermal growth factor (EGF) is a
physiologically

important

chemotactic

agent

that

activates

RhoG,

and

I

demonstrated that EGF induced migration is mediated, in part, through ILK-ELMO2
complexes. EGF is a mito- and moto-genic agent that is released by platelets and
macrophages during wounding (Werner and Grose, 2003). EGF receptors are
upregulated in keratinocytes at the leading edge of wound borders and stimulation of
these cells by EGF contributes to re-epithelialization (Hudson and McCawley.,
1998). Interestingly, wounding of RhoG-deficient epidermis is associated with delays
in healing as keratinocytes display reduced migratory capacity (Bass et al., 2011).
Given that activation of the EGF receptor consequently activates RhoG, which can
recruit ILK-ELMO2 complexes to the plasma membrane to establish polarity, it is
likely ELMO2 and ILK play a role in mediating EGF-induced re-epithelialization.
The release of chemotactic agents during wounding is not limited to EGF. A
plethora of other chemotactic factors is released during this process, including two
other EGF family members, heparin bound-EGF and transforming growth factor-α,
as well as members of the keratinocyte growth factor (KGF) and transforming growth
factor-β (TGF-β) families (Werner and Grose, 2003). I have demonstrated that
keratinocytes show selectivity towards coupling ILK-ELMO2 complexes to receptor
signaling by EGF. In contrast, it would appear that neither KGF nor TGF-β1 depend
on ILK-ELMO2 complexes to establish polarity and generate lamellipodia, at least in
any substantial manner. Whether other EGF family members also mediate their
effects through ILK-ELMO2 complexes remains to be determined.
This finding is also critical in our understanding of metastasis of certain
subtypes of cancer, as abnormal regulation of EGF receptor signaling is a common
contributing factor to this process in (Khazaie et al., 1995; Yarden et al., 2001). It will
be important to determine whether EGF receptor mutations or other EGF receptor
family members modulate ILK-ELMO2 complexes during cancer metastasis.
Importantly, upregulation of ILK is associated with increased metastatic potential in
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many cancer subtypes (Hannigan et al., 2005; McDonald et al., 2008). Whether
increases in the level of ILK contributes to enhancing EGF signaling in malignant
cells, remains to be determined. EGF signaling has been shown to activate the
EphA2 receptor tyrosine kinase, which modulates RhoG-ELMO complexes to
promote migration of mammary carcinoma cells (Hiramoto-Yamaki et al., 2010).
Whether ILK-ELMO2 complexes are also modulated by EphA2 and whether they
contribute to mammary carcinoma metastasis is an important area for future
research (see Section 5.5.1). In addition, whether ELMO2 and/or RhoG are involved
in metastasis of other cancer subtypes remains to be determined.
EGF signaling activates Rac1, another small GTPase involved in migration
and I determined that Rac1 is a downstream effector of ILK-ELMO2 complexes.
Rac1 is a regulator of actin reorganization as well as focal adhesion mechanics
(Nobes and Hall, 1995). Whether ILK-ELMO2 activation of Rac1 contributes to actin
reorganization, focal adhesion dynamics or both, remains to be determined. Given
the localization of ILK-ELMO2 complexes at lamellipodia, it is likely that their
associated activation of Rac1 is directly involved in actin reorganization.
ELMO2 can interact with Dock1 to form a bipartite guanine nucleotide
exchange factor for Rac1 (Katoh and Negishi, 2003). Whether Dock1 is also found in
ILK-ELMO2 complexes remains to be determined. An initial experiment similar to the
one described in Section 2.4.4 could address this issue, whereby keratinocyte
lysates could be used to immunoprecipitate ILK and the presence of Dock1 in ILK
immunecomplexes could be determined by immunoblot analysis. In addition, lysates
from keratinocytes exogenously expressing V5-tagged ILK and FLAG-tagged
ELMO2 could be utilized in a sequential co-immunoprecipitation experiment similar
to Section 2.4.4 to determine whether Dock1 exists in ELMO2 and ILK containing
immunecomplexes.
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5.4

ILK and ELMO2 colocalize to recycling endosomes in differentiated

keratinocytes
As previously described ILK-ELMO2 complexes are found in both
undifferentiated and differentiated keratinocytes and I determined that these
complexes are involved in trafficking of cell surface proteins in differentiated
keratinocytes. These findings are presented in Chapter 4.
I determined that ILK redistributes from structures that are likely focal
adhesions as well as a cytoplasmic distribution in undifferentiated keratinocytes to a
punctate pattern in keratinocytes induced to differentiate by Ca2+. This is the first
documentation of ILK in vesicles and supports the notion that multiple different pools
of ILK may be found possessing alternate functions. Historically, ILK has been
studied within the context of cell-ECM adhesions, in part, due to the nature of its
discovery as a β1-integrin binding partner. Recent studies have suggested that ILK
also plays roles separate from sites of cell-ECM adhesion, including modulation of
gene transcription, formation of cell-cell adhesions, phagocytosis and protein
trafficking (Vespa et al., 2003; Vespa et al., 2005; Acconcia et al., 2007; Nakrieko et
al., 2008b; Wickstrom et al., 2010; Sayedyahossein et al., 2012). Importantly, the
differentiation status of cells may modulate subcellular localization and ILK complex
formation with other proteins. Thus the contribution of ILK to biological processes
such as epidermal development may require revisiting in order to gain a full
understanding of the functions of ILK.

For instance, is the loss of apical basal

polarity in ILK-deficient epiblast due to an ILK-associated disruption in protein
trafficking? As another example, is microblister formation in ILK-deficient epidermis
due to an ILK-associated disruption in integrin trafficking?
I also determined that ELMO2 also redistributes from a cytoplasmic
distribution in undifferentiated keratinocytes to a punctate pattern in differentiated
keratinocytes. This is the first documentation of ELMO2 in vesicles in mammalian
cells. Recently, the C. elegans ELMO homolog CED-12 was also found to localize to
recycling endosomes (Sun et al., 2012). I have shown that ELMO2 is also found in
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recycling endosomes in mammalian cells and that the C-terminus of ELMO2 may
play a role in modulating vesicle size. These observations corroborate with the
findings for CED-12 and suggest that ELMO functions have been conserved
throughout evolution.

Whether ILK-ELMO2 complex formation is conserved

throughout evolution, in the form of a PAT-4/ILK interaction with CED-12, remains to
be determined.
Other cations including Mg2+ and Mn2+ did not induce a redistribution of ILK
and ELMO2 into puncta, suggesting this phenomenon is dependent on extracellular
Ca2+. Moreover, extracellular Ca2+ was necessary to maintain ILK and ELMO2
puncta as Ca2+ withdrawal of differentiated keratinocytes induced a loss of these
puncta. Extracellular Ca2+ can induce the release of intracellular Ca2+ from stores
such as the Golgi apparatus or endoplasmic reticulum. Whether intracellular Ca2+
has a role in the distribution of ILK and/or ELMO2 to puncta remains to be
determined. This is an important question as signaling from other pathways can
induce the release of intracellular Ca2+ (Nowycky and Thomas, 2002).

One

approach to determine this would be to utilize a pharmacological agent that chelates
intracellular Ca2+ such as 1,2-bis-(2-aminophenoxy)ethane-N,N,N’,N;-tetraacetic
acid tetra(acetoxymethyl) ester (Bapta-AM). An experiment could be conducted
similar to those represented in Section 4.4.3, whereby keratinocytes transiently
expressing mCherry-tagged ILK and/or GFP-tagged ELMO2 are pre-treated with
Bapta-AM prior to differentiation induced by addition of Ca2+. Bapta-AM is
membrane soluble and is trapped inside of the cell by conversion into the membrane
insoluble Bapta by intracellular estarases (Tsien, 1981). Keratinocytes would be
induced to differentiate by culture in high Ca2+ medium, and the distribution of
exogenous ILK and/or ELMO2 would be compared.
Approximately 25% of differentiated cells expressing exogenous ILK and/or
ELMO2 have these proteins localized to puncta. This proportion does not change
even as differentiated keratinocytes are cultured for longer periods of time. It is
unlikely that cell cycle is associated with this phenomenon as >95% of keratinocytes
in a culture population already enter quiescence after 24 h culture in high Ca2+
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medium (Missero et al., 1996; Dotto et al., 1999). It is possible that differentiating
keratinocytes enter a transient phase where ILK and ELMO2 are found in vesicles
and the fixed time points I have chosen to perform my experiments do not fully
reflect the total population of cells in culture; instead my fixed time points are only
capturing pools of keratinocytes that enter this phase. Live cell microscopy of a
whole population of keratinocytes exogenously expressing mCherry-tagged ILK and
GFP-tagged ELMO2 and induced to differentiate by Ca2+ may resolve this issue.
Whether or not ILK is required for the distribution of ELMO2 to puncta, or vice
versa, has yet to be determined. To determine this, an experiment could be
performed utilizing differentiated ILK- or ELMO2-deficient keratinocytes, determining
the localization of ELMO2 or ILK. ILK- deficient keratinocytes could be derived from
mutant mice carrying the K14-Cre transgene as well as floxed Ilk alleles (Nakrieko et
al., 2008a). An Elmo2 knockout mice has yet to be produced therefore ELMO2deficient keratinocytes could be derived by exogenously expressing short hairpin
RNA against the Elmo2 transcript as I described in Section 3.4.5.
By exogenously expressing multiple ELMO2 mutants in differentiated
keratinocytes, I have determined that the N- and C-terminus of ELMO2 are important
for distribution of ELMO2 puncta as well as puncta size. Cells expressing ELMO2
G72A or L156S display a punctate distribution of these mutants. However,
colocalization of these proteins with ILK is lost even though ILK is still found in
puncta. Interestingly, these two mutants do not interact with ILK (Ho et al., 2012)
suggesting the possibility that an interaction between ILK and ELMO2 is necessary
for these two proteins to localize in the same endosomal compartments. Moreover,
this observation would suggest that ILK is targeted to vesicles in an ELMO2independent manner. Alternatively, sufficient endogenous ELMO2 was able to
interact with exogenous ILK and target the latter to vesicles.
Cells expressing the truncation mutant ELMO2 1-539 displayed enlarged
vesicles containing both ILK and ELMO2, suggesting domains in the C-terminus of
ELMO2 are involved in the modulation of these vesicles (see Sections 5.5.4 and
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5.5.5). Interestingly, cells expressing ELMO2 I12S did not display noticeable
differences in the distribution of ILK- and ELMO2-containing vesicle or vesicle size.
This mutant has been shown to not interact with RhoG, a regulator of ELMO2
function and localization (Ho et al., 2012). RhoG is involved in caveolar trafficking as
it is found in multiple caveolin-positive vesicular components of the endocytic
pathway (Prieto-Sanchez et al., 2007). However, RhoG-deficient cells do not show a
defect in caveolar trafficking suggesting RhoG is not necessary for trafficking but
instead may play a role in targeting of proteins to vesicles (Prieto-Sanchez et al.,
2007). Our finding that ELMO2 I12S still localizes to vesicles suggests that RhoG is
not involved in targeting of ELMO2 complexes to vesicles. It is possible that another
regulator of ELMO2 may be involved in the localization of ELMO2 to puncta. For
instance, Arf4a and Arf6 are members of the Arf family of small GTPases that
regulate endosomal trafficking and both can interact with ELMO2 (Santy et al., 2005;
Bouschet et al., 2007; Patel et al., 2011). The domains involved in targeting of
ELMO2 remain unknown. An experiment could be set up similar to those described
in Section 4.4.3, whereby keratinocytes transiently expressing a series of GFPtagged ELMO2 truncation mutants could be differentiated by Ca2+ and the
localization of ELMO2 mutants determined by fluorescence microscopy.
The domains in ILK involved in targeting to puncta remain unknown and an
experiment could be set up similar to the one described in the above paragraph,
whereby keratinocytes transiently expressing a series of V5-tagged ILK truncation
mutants could be differentiated by Ca2+ and the localization of ILK mutants
determined by immunofluorescence microscopy.
I determined that ILK and ELMO2 containing puncta represent a portion of
early and late recycling endosomes but not early or late endosomes, in differentiated
keratinocytes. This observation is highly significant for the ILK field, as this protein
has never been implicated in the endocytic pathway. Whether ILK and ELMO2 are
found in endosomes in undifferentiated keratinocytes or other mammalian cells is
unknown. What role ILK and ELMO2 play in this process also remains to be
determined. For instance, are ILK and/or ELMO2 necessary for endocytosis? One
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approach to address this question would be to conduct transferrin uptake assays.
Transferrin is a serum protein, which binds to the transferrin receptor (Cheng et al.,
2004). Upon binding to the receptor, transferrin induces receptor-mediated
endocytosis. To determine whether ILK and/or ELMO2 are necessary for
endocytosis, differentiated ILK- or ELMO2- deficient keratinocytes, incubated with
fluorescently labelled transferrin in serum free, high Ca2+ medium for various time
points prior to being fixed. To assess the requirement of ILK or ELMO2 for
endocytosis, the area of fluorescently labelled transferrin within ILK- or ELMO2deficient cells compared to control cells could be determined by confocal
microscopic analysis.
It is possible that ILK and/or ELMO2 are not required for endocytosis, but
rather they are necessary for recycling of endosomes. A similar experiment to the
one described above could be conducted to determine whether this hypothesis is
valid. Utilizing differentiated ILK- or ELMO2-deficient keratinocytes, cells could be
incubated with fluorescently labelled transferrin to internalize transferrin as described
in the previous paragraph. Following this step, surface transferrin could be washed
away with a mild acid wash and cells could be incubated with high Ca2+ medium for
various time points to allow for recycling of internalized fluorescently labelled
transferrin, prior to being fixed. To assess the requirement of ILK or ELMO2 for
endocytic recycling, the area of fluorescently labelled transferrin within ILK- or
ELMO2-deficient cells compared to control cells could be determined by confocal
microscopic analysis.
Although little is known about endosomes in differentiated keratinocytes, they
likely play an important role in signaling and maintaining the distribution of cell
surface proteins at cell-cell adhesions and/or cell-extracellular matrix attachments. I
determined that the recycling endosomes containing ILK and ELMO2 are positive for
E-cadherin and β1-integrin immunostaining. This would suggest that ILK and
ELMO2 play a role in trafficking of E-cadherin and/or β1-integrin in differentiated
keratinocytes. To test this idea, GFP-tagged E-cadherin or β1-integrin could be
exogenously expressed in ILK- or ELMO2-deficient keratinocytes or wild-type cells.
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These cells could then be induced to differentiate by Ca2+ and the localization of
fluorescent proteins over time determined by live cell imaging. Thus, all the data I
presented in Chapter 4 are consistent with the proposal that ILK/ELMO2 fulfill a
novel role in modulating trafficking of cell surface and/or other proteins.

5.5

Future Directions

5.5.1 Role of Eph receptors in EGF signaling through ILK-ELMO2 complexes
Eph receptors are transmembrane tyrosine kinases that interact with their
ligands, the ephrins, which are membrane bound on adjacent cells (Pasquale,
2010). Ephrin/Eph pathways transduce important paracrine signals for development,
cell survival and migration (Pascale et al., 2010). Recently, Eph receptors have been
shown to signal independently of ligation by Ephrins. For instance EGF signaling can
induce EphA2 to bind the intracellular effector Ephexin 4, which can recruit and
activate RhoG at the plasma membrane (Hiramoto-Yamaki et al., 2010). Active
RhoG subsequently recruits ELMO/Dock complexes, which locally activate Rac1 to
induce formation of lamellipodia and migration (Hiramoto-Yamaki et al., 2010).
Ephexin 4 is a member of the Dbl family of GEFs, which mediate the GDP-GTP
exchange of RhoG through a Dbl homology (DH) and plecstrin homology (PH)
tandem domain (DH-PH; Hiramoto-Yamazaki et al., 2010). Whether Ephexin 4 is
involved in the formation of RhoG-ELMO2-ILK complexes formed during EGF
stimulation of keratinocytes remains to be determined. An experiment could be setup
to determine this by exogenously expressing wild type Ephexin 4 or a mutant
Ephexin 4 lacking the DH-PH domain (Ephexin 4 DH-PH, Hiramoto-Yamazaki et al.,
2010) in keratinocytes. Lysates could be used to perform an immunoprecipitation of
ILK followed by an immunoblot analysis to determine the presence of RhoG and
ELMO2 in ILK immunecomplexes. A decrease in the amount of RhoG and ELMO2 in
ILK immunecomplexes in the presence of Ephexin 4 DH-PH would suggest Ephexin
4 is upstream of the RhoG-ELMO2-ILK complex.
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Interestingly, ILK can interact with EphA1, which negatively modulates cell
migration (Yamazaki et al., 2009). The ability of ILK to form complexes with either
EphA1 or EphA2 places ILK as a central player in the modulation of migration,
however this has yet to be investigated. Whether EphA2 can be found in ILK
complexes and whether this occurs concurrently with an EphA1 interaction with ILK
remains to be determined. An initial experiment could be performed to determine
whether EphA2 interacts with ILK by performing an immunoprecipitation of ILK with
keratinocyte lysate and subsequent immunoblot analysis of ILK immunecomplexes
for EphA2. An experiment could be performed to determine whether EphA1 and
EphA2 complex with ILK concurrently by exogenously expressing FLAG-tagged ILK,
V5-tagged EphA1 and HA-tagged EphA2 in keratinocytes and utilizing lysate to
perform a sequential co-immunoprecipitation by initially immunoprecipitating FLAGtagged ILK. Exogenous ILK immunecomplexes could then be used to perform a
second immunoprecipitation for V5-tagged EphA1. Finally the presence of
exogenous EphA2 in ILK and EphA1 containing immunecomplexes could be
determined by immunoblot analysis. It is plausible that EphA1 and EphA2 compete
with each other to form complexes with ILK. In this case, exogenous expression of
EphA1 or EphA2 would decrease the association of EphA2 or EphA1, respectively,
with ILK.

5.5.2 Involvement of the calcium-sensing receptor in regulating ILK-ELMO2
vesicles in differentiated keratinocytes
In keratinocytes, extracellular Ca2+ can trigger signaling pathways through
multiple methods including activation of the calcium-sensing receptor (CaR) or
through calcium protein channels. To determine whether Ca2+ regulates the
redistribution of ILK and ELMO2 into puncta through signaling mediated by CaR, an
experiment could be conducted utilizing differentiated CaR-deficient keratinocytes
and assessing the distribution of ILK and ELMO2. CaR-deficient keratinocytes could
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be derived from transgenic mice carrying the Cre recombinase gene under the
keratin 14 promoter (K14-Cre) as well as floxed CaR gene (Tu et al., 2012).

5.5.3 Involvement

of

Dock1

in

modulating

ILK-ELMO2

vesicles

in

differentiated keratinocytes
Recently, the C. elegans homolog of ELMO, CED-12, was found to be
involved in the regulation of recycling endosomes in differentiated intestinal epithelial
cells (Sun et al., 2012). Cells containing mutant CED-12 displayed enlarged
recycling endosomes with an accumulation of cargo within these structures.
Interestingly, similar phenotypes were observed in cells containing mutant CED5/Dock1, a protein partner of CED-12/ELMO (Sun et al., 2012). Whether Dock1 is
involved in modulating vesicles containing ILK and ELMO2 in mammalian cells
remains to be determined. However, we have observed that exogenous expression
of the ELMO2 truncation mutant ELMO2 1-539, induces an enlargement in the size
of ILK and ELMO2 vesicles. ELMO2 1-539 lacks protein domains that are necessary
for ELMO2 interaction with Dock1 suggesting a role for Dock1 in modulating these
vesicles (Katoh and Negishi, 2003). To determine whether Dock1 modulates ELMO2
and/or ILK containing vesicles, the localization of ELMO2 or ILK could be assessed
by immunofluorecence microscopy in differentiated Dock1-deficient keratinocytes
and compared to wild type control cells. Dock1- deficient keratinocytes could be
derived from crossing transgenic mice carrying the K14-Cre transgene with mice
carrying floxed Dock1 gene (Sanematsu et al., 2010). Alterations in the abundance,
size or localization of ILK and ELMO2 containing vesicles in Dock1-deficient cells
would suggest a role of Dock1 in regulating these vesicles.
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5.5.4 Involvement of Rac1 in modulating ILK-ELMO2 vesicles in differentiated
keratinocytes
Similar to Dock1, cells containing mutant CED-10/Rac, an effector of the
bipartite guanine nucleotide exchange factor formed by CED-12/ELMO and CED5/Dock1, also display enlarged recycling endosomes with cargo aggregation
(deBakker et al., 2004; Sun et al., 2012). In mammalian cells, Rac1 is found within
endosomal compartments and activation of Rac1 has been implicated in the
regulation of endocytosis of cell surface proteins though how Rac1 is activated in
these domains remains unknown (Akhtar and Hotchin, 2001). ILK and ELMO2 are
involved in the modulation of Rac1 activation, as overexpression of ILK or ELMO2
induces an increase in levels of active Rac1 (Brugnera et al., 2002; Katoh and
Negishi, 2003; Filipenko et al., 2005; Qian et al., 2005; Boulter et al., 2006). ILK
modulation of Rac1 is thought to involve the formers binding partners such as
ELMO2. Rac1 activation induced by overexpression of ELMO2 requires the Cterminus of the latter. Our observation that exogenous expression of ELMO2 1-539
induces formation of enlarged vesicles containing ILK and ELMO2 would suggest a
role for Rac1 in modulating these vesicles. Whether Rac1 modulates vesicles
containing ILK and ELMO2 in mammalian cells remains to be determined. To
determine this, an experiment similar to the one described in the paragraph above
could be performed utilizing differentiated Rac1-deficient keratinocytes. Rac1deficient keratinocytes could be derived from crossing transgenic mice carrying the
K14-Cre transgene with mice carrying floxed Rac1 gene (Glogauer et al., 2003).
Alterations in the abundance, size or localization of ILK and ELMO2 containing
vesicles in Rac1-deficient cells would suggest a role of Rac1 in regulating these
vesicles.
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Expression and analysis of exogenous proteins in epidermal cells1
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Dagnino, L., Ho, E., and Chang, W.Y., (2010). Expression and analysis of
exogenous proteins in epidermal cells. Methods Mol. Biol. 585; 93-105.
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Appendix 2

Emerging role of ILK and ELMO2 in the integration of adhesion and migration
pathways1
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Ho, E., and Dagnino, L., (2012). Emerging role of ILK and ELMO2 in the integration
of adhesion and migration pathways. Cell Adh. Migr. 6, 168-172.
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Appendix 3. Proportion of polarized cells expressing exogenous ILK and/or
ELMO2 in the presence of KGF or TGF-β1. Primary cultured keratinocytes were
transfected with vectors encoding mCherry/V5-taggedILK and/or GFP-tagged
ELMO2. Twenty-four hours after transfection, the cells were incubated in FBS- and
growth factor-free medium for 4 h, followed by stimulation with KGF (20 ng/ml)or
TGF-β1 (10 ng/ml), as indicated in individual graphs, for 2 min. The cells were
processed for direct fluorescence microscopy, to visualize and quantify the fraction
of cells that exhibited front-rear polarity. The results are expressed as the mean +
SEM (n= 3). The results were analyzed by ANOVA, and no statistically significant
differences were found in growth factor treated cells compared with the
corresponding vehicle-treated controls.
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Appendix 4. ELMO2 and ILK interactions with RhoG. IMDF cells were transiently
transfected with vectors encoding GFP-tagged RhoG proteins and either FLAGtagged ELMO2 (Panel A) or mCherry/V5-tagged ILK (panel B). The lysates were
subjected to immunoprecipitation with anti-FLAG (panel A) or anti-V5 (panel B)
antibodies, and the immunecomplexes were resolved by SDS-PAGE and analyzed
by immunoblot with anti-GFP antibodies to detect RhoG proteins. Samples of the
cell lysates were also analyzed by immunoblot with the antibodies indicated in
parentheses.
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Appendix 5. ELMO2 and ILK colocalize with RhoG. Primary mouse keratinocytes
were transfected with vectors encoding WT or F37A GFP-tagged RhoG proteins and
either FLAG-tagged ELMO2 (panel A) or mCherry/V5-tagged ILK (panel B), as
indicated. Twenty-four hours after transfection, the cells were trypsinized and
replated onto a laminin 332 matrix. The cells were processed for microscopy 3 hours
after replating. Exogenous ELMO2 was visualized using anti-FLAG antibodies,
RhoG and ILK were visualized using, respectively, GFP and mCherry fluorescence.
Boxed areas are shown at higher magnification in insets. Bar, 20 μm.
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Appendix 6. Domains in the N-terminus of ELMO2 are necessary for ELMO2
and ILK localization to lamellipodia. Primary mouse keratinocytes were
transfected with vectors encoding mCherry/V5-tagged ILK or the indicated GFPtagged ELMO2 protein. Twenty-four hours after transfection, the cells were
trypsinized and replated onto a laminin 332 matrix. The cells were processed for
direct fluorescence microscopy 3 hours after replating. Boxed areas are shown at
higher magnification in insets. Bar, 20 μm.
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Appendix 7. EGF receptor tyrosine kinase activity is necessary for EGFinduced polarization. Primary mouse keratinocytes were transfected with vectors
encoding GFP-tagged ELMO2 and mCherry/V5-tagged ILK. Twenty-four hours after
transfection, the cells were incubated in FBS- and EGF-free medium for 4 h, and in
the presence of either DMSO (0.1%; Vehicle) or AG1478. The cells were then
stimulated with EGF for 2 min, and processed for fluorescence microscopy. Boxed
areas are examples of regions in which ELMO2 and ILK co-localize, and are shown
at higher magnification in the insets. Bar, 20 μm.
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Appendix 8. Requirement for ILK in EGF-induced polarization. Ilkf/f keratinocytes
were infected with Ad-βgal or Ad-Cre, and 24 h later were transfected with vectors
encoding mCherry, GFP, mCherry/V5-tagged ILK and/or GFP-tagged ELMO2.
Twenty-four hours after transfection, the cells were incubated in FBS- and EGF-free
medium for 4 h, followed by stimulation with EGF (10 ng/ml) for 2 min. The cells
were processed for direct fluorescence microscopy. Polarized ILK-deficient cells
were not detected in EGF-treated cultures. Arrowheads indicate edges of
lamellipodia in cells exhibiting front-rear polarity. Bar, 100 μm.
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Appendix

9.

Requirement

for

ELMO2

in

EGF-induced

polarization.

Keratinocytes were transfected with vectors encoding the indicated shRNAs and 24
h later were were incubated in FBS- and EGF-free medium for 4 h, followed by
stimulation with EGF (10 ng/ml) for 2 min. The cells were fixed and processed for Xgal staining and stained for F-actin with Alexa-594 conjugated phalloidin. Images
represent cells transfected with the indicated shRNAs and stimulated with EGF.
ELMO2 shRNA transfected cells treated with EGF did not show polarized
phenotypes. The arrowhead shows F-actin staining at lamellipodia formed at the cell
front in a polarized cell. F-actin-associated fluorescence in the cell body is less bright
in areas with high concentration of X-gal precipitate. Bar, 50 μm.
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Appendix 10. Requirement for ELMO2 in EGF-induced polarization. Rac1f/f
keratinocytes were infected with Ad-βgal or Ad-Cre, and 24 h later were transfected
with vectors encoding mCherry/V5-tagged ILK and GFP-tagged ELMO2. Twentyfour hours after transfection, the cells were incubated in FBS- and EGF-free medium
for 4 h, followed by stimulation with EGF (10 ng/ml) for 2 min. The cells were
processed for direct fluorescence microscopy. Rac1-deficient cells exhibiting frontrear polarity were not detected in EGF-free or EGF-treated cultures. Arrowheads
indicate edges of lamellipodia in cells exhibiting front-rear polarity, and arrows
indicate cell protrusions formed in Rac1-deficient cells in which ELMO2 and ILK
fluorescence co-localized. These regions are shown at higher magnification in the
insets. Bar, 20 μm.
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Appendix 11. Localization of ILK and ELMO2 in β1-integrin-deficient
keratinocytes.. Intb1f/f keratinocytes were infected with Ad-βgal or Ad-Cre, and 48 h
later were transfected with vectors encoding mCherry/V5-tagged ILK and GFPtagged ELMO2. Twenty-four hours after transfection, the cells were incubated in
FBS- and EGF-free medium for 4 h, followed by stimulation with EGF (10 ng/ml) for
2 min. The cells were processed for epifluorescence microscopy. Arrowheads
indicate lamellipodia in cells exhibiting front-rear polarity. Arrows indicate cell
protrusions formed in integrin β1-deficient cells in which ELMO2 and ILK
fluorescence co-localized. Bar, 40 μm.
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Mutant Primer Sequence (Coding strand)
5'-CGTCTGACATTGTCAAAGTGGCCTCCGAGTGGCCAGGTGCTAACGCCCAG-3'
I12S
G72A 5'-CAGACCCGAAATGACATTAAGAACGCGACAATCTTACAACTGGCCGTCTCC-3'
L156S 5'-GCATTCACCCTGACTGCCTTCTTAGAGAGCATGGATCATGGCATTGTGCTCCTG-3'
G218A 5'-CAGAAGATAGCGGAGGAGATCACCGTGGCACAGCTCATCTCCCACCTGCAGGTC-3'
*Mutated residues are underlined

Appendix 12
Sequence of primers used to generate ELMO2 mutants
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shRNA
#1
#2
#3
Scrambled

Sequence
5'-CGGTCTATAATCCTGAATCAT-3'
5'-GCTGGGATTTACCAACCACAT-3'
5'-GCATCCATTATCAAGGAAGTT-3'
5'-GACCTCTCTCCATACAACTCT-3'

ID No.
TRCN0000029064
TRCN0000029065
TRCN0000029066

Appendix 13
Sequence of mature ELMO2 shRNA
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Appendix 14. Mapping of ELMO2 protein domains involved in puncta
localization. (A to E) Keratinocytes were transfected with vectors encoding
mCherry-tagged ILK and GFP-tagged ELMO2 proteins. ELMO2 mutants contain
either point mutations or a truncation. The ELMO2 point mutants include
substitution of isoleucine 12 with serine (ELMO2 I12S), glycine 72 with alanine
(ELMO2 G72A) or glycine 218 with alanine (ELMO2 G218A). The ELMO2
truncation mutant contains amino acids 1-539 (ELMO2 1-539). Sixteen hours
post transfection, cells were culture for an additional 16 h in medium containing
1.0 mM Ca2+. Cells were fixed and analyzed by confocal microscopy. Images
represent cells in contact with neighboring cells. Insets in panels i to iii and vii to
ix are magnified in panels iv to vi and x to xii, respectively. Scale bar: 20 µm.
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Appendix 15. ILK colocalizes with recycling endosomes but not early or
late endosomes in differentiated keratinocytes. (A and B) Keratinocytes were
transfected with vectors encoding mCherry or mCherry-tagged ILK and GFPtagged Rab4, Rab5, Rab7 or Rab11 proteins. Sixteen hours post transfection,
cells were cultured for an additional 16 h in medium containing 1.0 mM Ca2+.
Cells were fixed and analyzed by confocal microscopy. Images represent cells in
contact with neighboring cells. (C and D) Keratinocytes were transfected with
vectors encoding mCherry-tagged ILK and GFP-tagged Rab4 or Rab11 proteins
that are constitutively active (CA) or dominant negative (DN). Sixteen hours post
transfection, cells were cultured for an additional 16 h in medium containing 1.0
mM Ca2+. Cells were fixed and analyzed by confocal microscopy. Images
represent cells in contact with neighboring cells. (A to D) Insets in panels i to iii
and vii to ix are magnified in panels iv to vi and x to xii, respectively. Scale bar:
20 µm.
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Appendix 16. ELMO2 colocalizes with recycling endosomes but not early or
late endosomes in differentiated keratinocytes. (A and B) Keratinocytes were
transfected with vectors encoding FLAG-tagged ELMO2 and GFP-tagged Rab4,
Rab5, Rab7 or Rab11 proteins. Sixteen hours post transfection, cells were
cultured for an additional 16 h in medium containing 1.0 mM Ca2+. Cells were
fixed and exogenous ELMO2 was detected with a primary FLAG antibody and a
secondary Alexa-594 antibody prior to being analyzed by confocal microscopy.
Images represent cells in contact with neighboring cells. (C and D) Keratinocytes
were transfected with vectors encoding FLAG-tagged ELMO2 and GFP-tagged
Rab4 or Rab11 proteins that are constitutively active (CA) or dominant negative
(DN). Sixteen hours post transfection, cells were cultured for an additional 16 h in
medium containing 1.0 mM Ca2+. Cells were fixed and exogenous ELMO2 was
detected with a primary FLAG antibody and a secondary Alexa-594 antibody
prior to being analyzed by confocal microscopy. Images represent cells in contact
with neighboring cells. (A to D) Insets in panels i to iii and vii to ix are magnified
in panels iv to vi and x to xii, respectively. Scale bar: 20 µm.
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